


Continental Tectonics and Mountain Building:

The Legacy of Peach and Horne



The Geological Society of London

Books Editorial Committee

Chief Editor

BOB PANKHURST (UK)

Society Books Editors

JOHN GREGORY (UK)

JIM GRIFFITHS (UK)

JOHN HOWE (UK)

RICK LAW (USA)

PHIL LEAT (UK)

NICK ROBINS (UK)

RANDELL STEPHENSON (UK)

Society Books Advisors

MIKE BROWN (USA)

ERIC BUFFETAUT (FRANCE)

JONATHAN CRAIG (ITALY)

RETO GIERÉ (GERMANY)
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The world’s mountain ranges are the clearest
manifestations of long-term deformation of the con-
tinental crust. As such they have attracted geologi-
cal investigations for centuries. Throughout this
long history of research a few keynote publications
stand out. One of the most important is the Geologi-
cal Survey’s 1907 memoir, The Geological Struc-
ture of the North-West Highlands of Scotland.
The papers in this Special Publication celebrate the
100th anniversary of this remarkable book, placing
the original findings in a present-day context by
juxtaposing them against modern studies, not only
from the NW Highlands, but also from elsewhere
around the world.

On first sight, the 1907 memoir by B. N. Peach
and colleagues is simply a description of regional
geology, albeit an exceptionally detailed one.
However, the memoir outlines the Geological
Survey’s chief discoveries, and an abundance of
minor ones, resulting from a decade of fieldwork
in NW Scotland. At its height this activity occupied
many of the most talented field geologists of Peach
and Horne’s generation and a significant number
of the Scottish branch of the Survey. This team
performed wondrous deeds, recognizing and inter-
preting many deformation structures on a variety of
scales. The memoir describes these structures in a
matter-of-fact manner, with occasional musings on
their significance for broader tectonic processes.
By focusing on the detail and establishing the
supreme importance of getting the basic field rela-
tionships correct, the memoir’s authors established
the NW Highlands of Scotland as a prime location
for training. Subsequent generations of geologists,
from young students to experienced practitioners,

have visited the region, armed with maps and the
memoir, or one of the many field guides derived
from it.

The Geological Survey’s mapping of the NW
Highlands, and its detailed description in the 1907
memoir, has had a seminal and enduring influence
on the understanding of mid- and upper-crustal con-
tinental tectonic processes extending far beyond the
Highlands. The memoir undoubtedly summarized
some of the finest work of the Geological Survey
and outlined many of the principles of structural
and tectonic analysis that have subsequently guided
generations of geologists working in other mountain
belts. However, the memoir covered much more
than this, and the diligent reader will also find dis-
cussions on the interaction between deformation
and metamorphism, kinematics of shear zones and
thrust systems, and the evolution of fault rocks
under different crustal conditions. Many of these
field descriptions of structural relationships have
not been surpassed and the memoir still forms
the basis for research today.

The following 32 papers in this Special Publica-
tion are arranged into six sections, primarily reflec-
ting some of the major influences that the 1907
memoir has had on subsequent research on defor-
mation processes operating in continental collision
zones, taking examples not only from the ancient
orogens of the NW Highlands but also from other
orogenic belts around the world. Each of the first
five sections begins with a review paper, placing
research findings reported in the 1907 memoir into
a historical context, relative to research completed
both before and after the publication of the memoir.
In contrast, the sixth and final section concentrates

From: LAW, R. D., BUTLER, R. W. H., HOLDSWORTH, R. E., KRABBENDAM, M. & STRACHAN, R. A. (eds) Continental
Tectonics and Mountain Building: The Legacy of Peach and Horne. Geological Society, London, Special Publications,
335, 1–5. DOI: 10.1144/SP335.1 0305-8719/10/$15.00 # The Geological Society of London 2010.



on field- and geophysics-based evidence for fault
reactivation, and particularly the reactivation of
thrust faults as extensional faults. This structural
process was not fully appreciated until decades
after the publication of the 1907 memoir.

In the first group of papers, Butler provides an
historical overview of events and controversies
leading up to the mapping of the NW Highlands in
the mid- to late-1880s by the Geological Survey
and culminating in the publication of the 1907
memoir. A central focus of this overview is a discus-
sion of the influence that contemporary geological
models may have had on the geological mapping
of deformation structures and interpretation of
field relationships during these critical years. This
overview is followed by an account by Barber of
the 1912 British Association’s excursion to the
Assynt district of the Moine Thrust zone which
was led by Peach and Horne. This field excursion
was attended by a remarkably talented group of geo-
logists from the UK, Europe and North America,
many of whom had already established, or would
go on to establish, distinguished careers in structural
geology and petrology. The list of participants of
this field excursion clearly indicates the high inter-
national reputation that the Geological Survey’s
mapping of the NW Highlands had rapidly achieved
following the publication of the 1907 memoir.

The second group of papers focuses on deep- and
mid-crustal processes, with particular reference to
the Lewisian and Moine rocks of the NW Highlands.
In the first paper in this group Wheeler et al. give
an overview of the state of understanding of the
Lewisian complex when the NW Highlands memoir
was published in 1907, and compare this with our
current understanding. This overview concludes
with some thoughts on priorities for future research
on the Lewisian complex including: a) closer inte-
gration of structural and metamorphic studies with
radiometric dating; b) greater consideration of the
role of fluids in metamorphism; c) integration of pet-
rological, structural and radiometric dating studies
of early (3100–2700 Ma) magmatism and; d) pot-
ential identification of contrasting histories of mag-
matic evolution in the different terranes within the
Lewisian. This overview is followed by research
papers on isotopic dating and tectonics of the
Lewisian. Whitehouse & Kemp focus on the
Assynt terrane (Central District or Region) of
the mainland Lewisian and argue that their isotopic
data suggest that crustal precursors to the Lewisian
granulites preserved in this terrane were derived
from mantle sources at c. 3050–3200 Ma. Ion micro-
probe U–Pb ages on complexly zoned zircons from
the Assynt terrane indicate a common metamor-
phic event at c. 2500 Ma and possibly an earlier
event at c. 2700 Ma, at least in the northern part of
the terrane. In the next paper in this group,

Goodenough et al. summarize currently available
data on the Archaean and Proterozoic structural
and metamorphic evolution of the Assynt and
Rhiconich (or Northern District) terranes, focusing
on the Laxford Shear Zone that separates the two
terranes. They conclude that the Assynt and Rhi-
conich terranes represent separate crustal blocks
with very different geological histories before
their juxtaposition at soon after 2500 Ma. These
papers on the Lewisian are followed by two papers
on deep-mid crustal processes in other parts of the
Scottish Highlands. Viete et al. propose a new tec-
tonic model for development of the Buchan block
and adjoining Barrovian-type units of the Grampian
terrane, located to the SE of the Great Glen fault.
In this model Early Grampian (Ordovician) age
lithospheric thickening was followed by litho-
sphere-scale extension and associated emplacement
of mafic magmas, sourced by decompression
melting of the asthenosphere, and then by renewed
Grampian lithosphere thickening. Evidence for
subsequent Acadian (mid-Devonian) sinistral trans-
pression on the Great Glen fault is described by
Mendum & Noble. The last two papers in this
group address deep crustal processes that have
operated at the orogen scale. Dalziel reviews the
Laurentian affinities of the Cambro-Ordovician
rocks of the NW Highlands (first noted by Salter
in 1859) and then goes on to assess both the cur-
rent evidence for the presence in South America
and Antarctica of several identifiable fragments of
the Laurentian craton, and their implications for
reconstructing global palaeogeography during the
Neoproterozoic and Palaeozoic eras. Streule et al.
compare the thermal, mechanical and structural
architecture of the Caledonian orogen preserved in
the North Atlantic region (Scotland, East Greenland
and Norway) with the Himalaya-Tibet orogenic
system. They conclude that the two orogens are
very similar in many respects, supporting the view
that the tectonic processes involved in continental
collision have been largely constant, at least since
the Lower Palaeozoic.

The third group of papers deals with analysis of
multiply deformed and metamorphosed terranes,
primarily focusing on the Moine Supergroup. In
the first paper, Strachan et al. summarize the state
of knowledge concerning the multiple deformation
of the Moine Schists at the time of the 1907
memoir, and then go on to review changing views,
through to the present day, on structural and meta-
morphic history of the Moine Supergroup – both
to the NW and SE of the Great Glen Fault. They
also trace changing ideas on the plate tectonic
setting of the Moine Supergroup from Neoprotero-
zoic to Lower Palaeozoic (Caledonian) times,
both in terms of original sedimentary basin setting
and subsequent deformation/metamorphism. In
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the second paper in this group, Alsop et al. focus on
the progressive evolution of folds and fabrics
associated with foreland propagating deforma-
tion of Scandian (Silurian) age within the Moine
Supergroup at the north-western edge of the Cale-
donian orogen. In the final paper in this group,
Bell argues that plate motion subjects collisional
orogens to spatially partitioned, episodic, but non-
stop deformation in which the bulk forces operating
are horizontal and intermittently vertical (gravita-
tional load due to crustal thickening), resulting in
the formation of sub-vertical and sub-horizontal
foliations. Potentially supporting data for multiple
cyclic phases of horizontal and vertical shortening
are presented from the Appalachian Mountains of
the north-eastern USA, shear zones in central and
southern Australia, and the Moine Thrust mylonites
of NW Scotland.

The fourth group of papers, reflecting the 1907
memoir’s seminal description of the Moine Thrust
zone, focuses on thrust tectonics and the analysis
of thrust systems. In the first paper Butler outlines
research carried out on the Moine Thrust zone and
overlying Moine Supergroup since the publication
of the 1907 memoir, particularly focusing on the
application of linked thrust tectonics models since
the early 1980s. Although the Moine Thrust zone
has arguably been studied in greater detail than
almost any other thrust zone of comparable size,
Butler argues that fundamental questions (e.g.
timing and amount of displacement on many com-
ponents of the thrust system) still remain to be
answered. In the second paper in this group,
Wibberley & Butler question the commonly
accepted paradigm that deformation in regional
scale thrust belts always progresses from ductile
(crystal plastic) flow to brittle fracture within a
generally foreland propagating thrust system.
Using microstructural data from faults which
breach the Arnaboll thrust (ductile to brittle fault
rocks) exposed near Loch Eriboll at the northern
end of the Moine Thrust zone, they demonstrate
that the breaching thrusts mark a return to ductile
behaviour, which is probably promoted by ingress
of water and reaction-enhanced softening of the
wall rocks. Further to the south in the Assynt district
of the thrust zone, Krabbendam & Leslie describe
abrupt lateral changes in the geometry of brittle
thrusts across a transverse fault zone that strikes
sub-parallel to the WNW thrust transport direction.
This km-scale transport-parallel fault zone probably
originated as a Palaeoproterozoic basement shear
zone and was reactivated as a lateral ramp during
Caledonian thrusting. Another, similarly orientated,
km-scale transverse fault zone is described by
Leslie et al. to the SE of the Assynt district in the
Moine Nappe. This originally structurally deeper
transverse fault zone is associated with ductile

deformation of its wall rocks, and may have origi-
nated on a basement ramp that locally controlled
deposition of the Moine Supergroup. In the third
paper in this sub-group from the Assynt district,
Searle et al. present new balanced and restored
cross sections across the Moine Thrust zone in the
region of the Loch Ailsh and Loch Borrolan alkali
intrusions, and discuss evidence for the relative
ages of intrusion and motion on individual thrusts.
The last two papers in this group focus on specific
techniques for analysing thrust systems. Hatcher
& Geiser present a new technique for balancing
cross sections in curved orogens, and illustrate
their discussion of problems associated with cross-
section restoration in curved orogens with examples
from the Appalachians, the Jura and the Alps.
Simpson & De Paor outline and discuss technol-
ogies now available for digital deconstruction of
classical geological maps, and show how the digi-
tized versions of these maps can be turned into four-
dimensional spatial/temporal images.

The fifth group of papers focuses on microstruc-
tural processes and fault rock evolution, reflecting
the pioneering thin section descriptions and tectonic
interpretations of fault rocks, particularly by J. J. H.
Teall, that are recorded in the 1907 memoir. In the
first paper, Law & Johnson review the history of
microstructural and crystal fabric research in the
NW Highlands from the early 1880s through to
the present day, tracking the changing tectonic
interpretations that have been placed on available
microstructural and petrofabric data over the past
130 years. In the second paper in this group, White
focuses on early microstructural work on fault
rocks, and particularly mylonites exposed near
Loch Eriboll at the northern end of the Moine
Thrust zone. White demonstrates that in the 1880s
through to the early 1900s geologists such as Lap-
worth, Geikie and Teall were well aware of contem-
porary developments in metallurgy and engineering
on deformation mechanisms in crystalline solids,
and the factors controlling brittle versus plastic
deformation. This late-19th century synergy betw-
een geologists and metallurgists, which regrettably
would then be lost until the 1960s, allowed petrogra-
phers such as Teall to make microstructurally-based
tectonic interpretations that were decades ahead of
their time. Microstructural and petrofabric case
studies from mylonites in the Assynt and Loch
Eriboll regions of the Moine Thrust zone are pre-
sented in the next four papers in this group. Law
et al. describe three-dimensional (3D) strain and
quartz petrofabric data from classic outcrops of
Moine Thrust mylonites at the Stack of Glencoul in
the Assynt region. Vorticity data for these mylonites
are presented in a companion paper by Law, and
the tectonic implications of the integrated strain
and vorticity data for vertical shortening (thinning)
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and transport-parallel stretching at the base of
the Moine Nappe are then discussed. The seismic
anisotropy (calculated from scanning electron
microscope (SEM)-based electron back scattered
diffraction data) of mylonitic Cambrian quartzites
at the Stack of Glencoul are described by Lloyd
et al. In the final paper from the NW Highlands
in this group, Thigpen et al. integrate strain, petro-
fabric and vorticity data from quartz-rich mylonites
in the Moine Thrust zone and overlying Moine
Nappe exposed to the east of Loch Eriboll. Traced
from foreland to hinterland thrust sheets, they
demonstrate a progressive change in recrystalliza-
tion mechanisms and quartz c-axis fabrics. From
these data the authors infer increasing deformation
temperatures traced towards the hinterland that are
then used to estimate displacement on individual
thrusts. The next two papers in this group deal
with microstructures and crystal fabrics from other
orogens. Barth et al. describe quartz crystal fabrics
from the ultra-high pressure Western Gneiss region
of the Norwegian Caledonides that they interpret as
indicating plane strain – constrictional flow, pre-
sumably associated with exhumation of this giant
UHP terrane. Xypolias et al. present an integrated
microstructural, crystal fabric, strain and vorticity
analysis of quartz-rich tectonites from two adjacent
thrust nappes within the Internal Hellenides of
Greece. These data indicate that Miocene age thrust-
ing was accompanied by flow within the individual
nappes that commenced under close to simple shear
conditions, but rapidly changed to a pure shear-
dominated plane strain – constrictional defor-
mation, driving transport-parallel extrusion and
ultimately exhumation of the nappes. In the next
paper, Viola & Henderson propose a similar tec-
tonic scenario, based on macroscopic field data,
for a Palaeoproterozoic terrane boundary exposed
in the crystalline basement of SW Scandinavia. In
the final paper in this group, Patton & Watkinson
point out that while shear zones have been recorded
by field geologists for well over 100 years, and
numerical techniques have been developed for
measuring strains within shear zones, remarkably
little is known still in terms of the processes respon-
sible for shear localization. They attempt to address
this problem by developing a mathematical theory
of rock deformation that is consistent with the
general balance laws of continuum mechanics and
is based on the constitutive properties of specific
starting materials.

The sixth and final group of papers in this Special
Publication focuses on fault reactivation processes.
In the first paper in this group, Fossen reviews the
limited on- and offshore evidence for late stage
inversion structures and fault-controlled exten-
sion in the Caledonides of Northern Scotland, and
compares these data with the more widespread

evidence for late stage extension now recognized
in the Caledonides of Norway and Greenland.
In the second paper Wilson et al. present a
multidisciplinary analysis of the 3D geometries
and distribution of post-Caledonian faults in
onshore northernmost Scotland, examining their
relationships to basement fabrics and comparing
them to rift-related structures developed offshore
in the West Orkney Basin. In the third and last
paper, Cooper & Warren summarize current cri-
teria for recognizing inversion structures, using
examples based on seismic sections and well data
collected during hydrocarbon exploration in New-
foundland, Thailand, British Columbia and Central
Africa.

The papers in this Special Publication are derived
from a joint Geological Society of London/
Geological Society of America conference cele-
brating the 100th anniversary of the Geological
Survey’s 1907 memoir on The Geological Structure
of the North-West Highlands of Scotland. Entitled
‘Continental Tectonics and Mountain Building’, the
meeting was held at the Macphail Centre, Ullapool,
Scotland on 12–17 May 2007 and attended by
130 participants from 15 countries. The meeting
included a combination of conventional indoor
oral and poster sessions interspersed with three
days of field excursions to classic sites in NW High-
land geology. Information on the meeting, including
field photographs, guides, abstracts and a report
on proceedings are available at: http://www.see.
leeds.ac.uk/peachandhorne/

We thank all participants at the Peach and Horne meeting
for a fascinating series of talks and posters and for lively
discussion. The conference was sponsored by Hess, BG,
BP, Encana, ExxonMobil, Shell and The Highland
Council. The Geological Society of America and the
GSA Structural Geology and Tectonics Division made
travel funds available for junior scientists. All are
thanked for their generous support. We also thank Fran
and Peter Harrison for their hospitality and logistical
support in organizing the Peach and Horne meeting at
the Macphail Centre in Ullapool. The editors are grateful
for a substantial contribution towards the colour repro-
duction in this volume from the Geological Society
Bicentenary Project Fund.

We thank all contributors to this volume for dealing
with editorial decisions courteously and promptly, and
the Geological Society Publishing House for their help
and advice. We gratefully acknowledge the following
colleagues who helped with the reviewing of manuscripts
submitted for this volume.
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The Geological Structure of the North-West Highlands of

Scotland – revisited: Peach et al. 100 years on

ROBERT W. H. BUTLER

Geology and Petroleum Geology, School of Geosciences, University of Aberdeen,

Meston Building, Aberdeen AB24 3UE, UK (e-mail: rob.butler@abdn.ac.uk)

Abstract: Following years of sporadic debate, in the early 1880s consensus was reached that
thrust tectonics explained hitherto controversial geological field relationships in NW Scotland.
This spawned a major research effort there by the Geological Survey of Great Britain that culmi-
nated in a series of highly detailed geological maps, preliminary research papers and, eventually,
the publication of a memoir to the region. These works became highly influential to early-20th
century geoscience, especially structural geology. Not only did they provide the first major syn-
thesis of thrust belt structure, they also provided the basis for descriptions of fault and shear
zone processes and deductive methods for unravelling tectonic histories in metamorphic basement.
A common misconception is that the results arose from mapping alone, without regard to extant
models and theory and this approach is held up as an ideal for fieldwork. Yet the notebooks and
writings of the surveyors show the application of learning not only from other research groups
but also between themselves. As with modern mapping, the Survey team created interpretations
that built on contemporary knowledge. This work in turn has driven subsequent research for
over 100 years, in the NW Highlands and in deformed rocks throughout the world.

NW Scotland (Fig. 1) is classic ground for tectonic
studies, attracting generations of geologists from all
over the world. Its popularity, for both fundamental
research and training, has arisen from research,
the associated debates and their resolution in the
publication of the 1907 memoir to the Geological
Structure of the North-West Highlands of Scotland
(Peach et al. 1907). This book, together with the
array of detailed geological maps, published by
the British Geological Survey and its precursor
incarnations at a scale of 1:63 360, underpinned tec-
tonic understanding of the region. Indeed to a large
extent this basic work remains as important today.
The mapping by the Survey geologists permitted
much more detailed research, especially concerning
structural geology. The 1907 memoir essentially
became a compendium of tectonic ideas developed
in NW Scotland. Many of the ideas appeared in stru-
ctural geology textbooks through the 20th century,
especially concerning thrust tectonics. But the
memoir covered much more than this, including dis-
cussions of the interaction between metamorphism
and deformation, kinematics, the evolution of fault
rocks and a swathe of basic stratigraphic interpret-
ation both of sedimentary and basement rocks.
The importance of the 1907 memoir was recognized
by celebrating its centenary at an international con-
ference in Ullapool in May 2007 – and is further
recognized by this Special Publication. The
purpose of this introductory article is to explore

aspects of the original research and how it resonates
today as a foundation for modern structural geology.
While this paper does not purport to be a rigorous
historical treatise, it does attempt to trace how
ideas may have evolved. Even this more limited
ambition is difficult given the sparse citation both
of contemporary Highland research and of any sig-
nificant theoretical or analogue studies made by
Peach et al. (1907). A companion paper (Butler
2010) explores in greater detail the evolution of
thrust tectonic models in NW Scotland, especially
following the 1907 memoir. Reviews of the late-
19th century Survey work in the NW Highlands,
emphasizing microstructural studies and contem-
porary connections with metallurgy/materials scie-
nce, are also given by Law & Johnson (2010) and
White (2010) respectively.

Historical background

An extensive account of the research and the socio-
scientific landscape that shaped the 1907 memoir
is provided by Oldroyd (1990). Following the pub-
lication of the 1907 memoir, early-20th century
commentators (e.g. Greenly 1928; Bailey 1935)
promoted the importance of the work and built up
significant mythology, especially in the primacy
of apparently objective fieldwork in developing
geological knowledge. Oldroyd’s book goes some
way to address these myths. Nevertheless, it is

From: LAW, R. D., BUTLER, R. W. H., HOLDSWORTH, R. E., KRABBENDAM, M. & STRACHAN, R. A. (eds) Continental
Tectonics and Mountain Building: The Legacy of Peach and Horne. Geological Society, London, Special Publications,
335, 7–27. DOI: 10.1144/SP335.2 0305-8719/10/$15.00 # The Geological Society of London 2010.



worth briefly recounting the historical background
because it shaped not only the memoir’s content
but also much subsequent research in the Scottish
Highlands.

The central drive for much of the 19th century
geological research in the British Isles lay in

making geological maps. These documents provi-
ded a correlation framework for strata and served
as audits of natural resources and engineering chal-
lenges. While standard approaches of lithostrati-
graphic mapping, tied to palaeontological studies,
yielded results for much of England, Wales and

Fig. 1. Location map. Section lines a–e correspond to those in Figure 6. Section line f is that of Figure 10b. The detailed
map areas are: g, Figure 4; and h, Figure 7. Inset: Location of Figure 1.
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Scotland south of the Highlands, the structural and
metamorphic complexities of the Scottish High-
lands were essentially unknown. Early reconnais-
sance mapping by John Macculloch (1836),
Robert Hay Cunningham (1841) and James Nicol
(1844) revealed that simpler geology, with recog-
nizable stratigraphic order, lay on the NW margin
of the Highlands. When, in 1855, Roderick Impey
Murchison was appointed as Director of the
Geological Survey, he chose to use NW Scotland
as an entry point to interpret the stratigraphic order
of the rest of the Highlands. This work began in
collaboration with Nicol but the two disagreed about
the geological interpretation. For Murchison the
rock sequence simply dipped and younged east-
wards, notwithstanding the observation that meta-
morphic gneisses lay above unmetamorphosed
Cambrian limestones and quartzites. In this way
the Cambrian strata of the NW Highlands simply
passed stratigraphically upwards into younger
rocks – an interpretation that Murchison developed
through a series of field campaigns with his then-
protégé Archibald Geikie (e.g. Murchison &
Geikie 1861). In contrast, Nicol suggested that the
simpler geology of the NW Highlands was abruptly
terminated against a tectonic contact and the
gneisses were not part of the simple stratigraphic
order (Nicol 1858, 1861). In a famously acrimo-
nious debate (chronicled by Oldroyd 1990), Nicol
was shouted down. Murchison’s views were widely
adopted by the Geological Survey, shown on their
geological maps (e.g. Geikie 1876) and promoted
in the famous treatise Siluria (e.g. Murchison 1867).

In the early 1880s, the controversy was re-
opened independently by two geologists who were
unconnected with the Geological Survey. Charles
Callaway studied a series of transects, near
Ullapool, Eriboll and, most notably, at Loch Glen-
coul (Fig. 2a). Charles Lapworth used detailed
mapping, initially around Durness and then on the
eastern shores of Loch Eriboll. They both demon-
strated (Callaway 1883; Lapworth 1883) that the
stratigraphic order in the NW Highlands was dis-
rupted by low-angle tectonic contacts that repeated
rock units. Lapworth (1885) went further, showing
that foliation within the metamorphic rocks that
lay, for him – tectonically – upon the Cambrian
sediments (Fig. 2b) was not bedding, as assumed
by Murchison & Geikie (1861), but a deformation
fabric. Lapworth (1885) went on to coin the term
‘mylonite’ to describe such rocks and showed that
they formed during shearing along thrusts.

Geikie, who was by now Director General of the
Geological Survey, got wind of Lapworth’s research
in the NW Highlands and sent two of his most
experienced field geologists to disprove him. Ben
Peach and John Horne began fieldwork in Durness
in 1883 and there had an early chance encounter

with Lapworth (Oldroyd 1990; Cheeney 2002). As
Lapworth continued his research they too confirmed
his findings and, in 1884, Geikie recanted. Indeed
he quickly coined the term ‘thrust’ (Geikie 1884)
and appeared to be claiming the credit for the
re-interpretation! The central reason for the new tec-
tonic interpretations surviving detailed examination
was that they were based on careful field mapping,
in Lapworth’s case, at the scale of 1:10 560 (six
inches to the mile). Prior to that, the regional maps
of Scotland and the interpretations of Murchison
and Geikie were based on transects alone. The effect
of mapping was to greatly reduce the range of viable
structural explanations of the exposed geology. Lap-
worth used his new geological maps to falsify the
Murchison-Geikie hypothesis of a simple, coherent
stratigraphic sequence and went on to use them to
provide context for his petrographic investigations
of fault rocks.

Having been shown the way, Geikie, to his credit,
invested substantial resources to characterize the
geology of the NW Highlands, adopting Lapworth’s
mapping approaches with linked petrological and
palaeontological studies. It is worth revisiting the
reasons for the original mapping in NW Scotland,
once Peach and Horne had confirmed the deductions
of Lapworth (1883) and Callaway (1883) that the
geological structure of the region contained large-
scale tectonic repetitions of the main rock units.
Geikie (in the preface to Peach et al. 1907) reflected
that he commissioned detailed mapping because:

by unravelling the complications of that piece of
ground, and watching the variations in their develop-
ment from district to district, it might eventually be
possible to obtain a clue to the origin, sequence, and
structure of the crystalline rocks of the Central
Highlands.

After the Eriboll investigations, this endeavour
began in earnest in 1885, only ending in 1897. At
its height this mapping programme involved half
of the field geologists in the Scottish branch of the
Geological Survey. It was a complex team effort.
Indeed the apparent esprit de corps of the survey
team can be deduced from their humorous group
photograph of the time (Fig. 3).

Given the background to the research by the
Geological Survey in the NW Highlands, it might
be expected that the memoir (Peach et al. 1907)
had a strong focus on thrust tectonics and the struc-
tural geology of the Moine Thrust Belt. In fact, of its
668 pages (together with 52 plates and a pull-out
map), just 131 deal with these aspects. After intro-
ductory preambles, the memoir is divided into
groups of chapters that deal with the main rock units
of the NW Highlands: the Lewisian metamorphic
basement; the supercrustal Torridonian succession;
the Cambrian (now know to be Cambro-Ordovician)

THE ORIGINAL MEMOIR REVISITED 9



Fig. 2. NW Highland landscapes and structures. (a) View of the Glencoul area in northern Assynt (looking NNE
from the mountain massif of Quinag). Loch Glencoul is in the centre of the view, with the type-locality of the Glencoul
Thrust visible in the ground between the inlets. The hills on the left skyline form the Arkle massif. (b) The
Arnaboll Thrust in its type locality, eastern Loch Eriboll – with Lewisian gneisses carried onto Cambrian quartzites.
The gneisses are strongly retrogressed with mylonitic fabric just along the thrust plane. (c) The Inchnadamph area
and Loch Assynt, looking SE from the foreland into the thrust belt. Much of the centre of the view is formed by
imbricated Cambrian carbonates. The distant hills are largely Cambrian quartzites. The highest visible hill is
Conival (987 m), part of the Ben More thrust sheet. (d) Loch Laxford, classic Lewisian landscape. The ridges in
the background are formed of Cambrian quartzites, marking the mountain massifs of Foinaven and Arkle. (e) The
quartzite imbricate country of Foinaven and Arkle, looking south to the hills of northern Assynt.
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Fig. 2. Continued.
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sediments and later igneous rocks; tectonic struc-
tures (chiefly what is now called the Moine Thrust
Belt); and finally the Eastern Schists (now known
as the Moine).

The casual reader, certainly from a modern per-
spective, may find it difficult to extract the important
conclusions that relate to earth processes from the
plethora of what Geikie referred to in his preface
as ‘the superabundance of local detail’. Indeed, the
memoir was written almost as a field guide, with
detailed descriptions of locations. A great deal was
devoted to careful petrological description, much
of this provided by Jethro Justinian Teall, who
joined the Survey in 1888, eventually succeeding
Geikie as Director General.

Mapping

The primary research product of Peach and col-
leagues was a series of geological maps, compiled
at a scale of 1:10 560 (six inches to the mile). These
compilations – called ‘clean copies’, are exception-
ally detailed, even by modern standards. The orig-
inal mapping used base sheets at 1:10 560 from
the recently completed series made by the Ordnance
Survey. The base sheets had geographic features,
with the main mountain tops, drainage, roads and

habitation. But the maps had no topographic con-
tours, only a few spot-heights calculated by triangu-
lation. The surveyors added their own topographic
contours while mapping the geology.

An example of the mapping can be followed on
Figure 4, for a small part of the Moine Thrust Belt
in Assynt (Fig. 2c: see Fig. 1 for location). This area
is only moderately exposed so the initial approach
involved working stream sections – for continuity
of outcrop was important. Stream sections were
then linked to gradually complete the field map.
This approach is akin to using wells, linked
by two-dimensional (2D) seismic sections when
establishing sedimentary basin structure in the
subsurface.

As the field work was team-based, the individual
field slips are the product of multiple authors. The
input by different geologists can be judged from
differences in hand-writing. However, only rarely
are these notes directly attributed. With the bound-
ary line-work, which defines the geological under-
standing, it is generally impossible to unravel the
input from different team members. However, Horne
held sway over the decisions, as can be established
from the initialled comments on some maps. So
the final geometry of geological boundaries most
probably reflected his interpretational preferences.

Fig. 3. The Bandits of Inchnadamph. Some of the survey geologists on a field excursion to the NW Highlands in the
1880s. Image courtesy of BGS.
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Fig. 4. Detailed of field maps for the Inchnadamph area. (a) A stream section (Allt a’Choinne Mhill on modern
maps). The scene represents about 600 � 600 m on the ground. Note the sketched-on topographic contours.
This section also features on the completed field map (b). (b) The head of Gleann Dubh, ESE of Inchnadamph
(see Fig. 5 for the ‘clean copy’ that includes this mapping). This larger area represents about 1.5 � 1.4 km on the
ground. Images courtesy BGS.
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The detail of the field maps is most surprising.
As Geikie again noted in his preface to the memoir
(Peach et al. 1907), it is the distinctive stratigraphy
of the NW Highlands that makes it possible to map
out the complexity of tectonic structures in the
region. The Salterella Grit Member (Cambrian An
t-Sron Formation) is just 8 m thick and, where
dipping vertically, was represented on the field-
maps as a band of rather less than 1 mm width.
In the imbricated successions such as are found in
the Inchnadamph area, tracing out thin slices of
Salterella Grit in a landscape dominated by the
younger Durness carbonates is critically important
for establishing the geological structure. But it was
not just the sedimentary succession that was
mapped in such detail. The igneous geology
within the ‘zone of complication’ was also shown
with discrete sills traced out through rugged land-
scape (Fig. 5).

Geikie’s belief, that detailed mapping yields tec-
tonic knowledge, is born out by the cross-sections
through the ‘zone of complication’ (Moine Thrust
Belt) from the time (Peach et al. 1907; Fig. 6).
The common belief is that much of the critical
insight leading to these interpretations came from
Peach (e.g. Oldroyd 1990). The sections show major
thrust structures carrying sheets, carrying the main
rock units of the NW Highlands – Lewisian base-
ment, Torridonian and Cambrian sediments. The
mapping showed the diagnostic relationships bet-
ween these units: that the sedimentary units are sep-
arated by unconformities; that the Cambrian contain
igneous intrusions that here pre-date the local defor-
mation structures; that the different Cambrian sedi-
ments are imbricated together and that the imbricate
thrusts are distinctly steeper than the lower angle
major thrust planes (Fig. 6a, b).

Detailed mapping was not restricted to what we
now know as the Moine Thrust Belt. The Survey’s
maps of the Lewisian basement are also extremely
sophisticated. Arrays of meta-igneous intrusions of
different compositions were traced through the
landscape (Fig. 7). The detailed field descriptions
of the host gneisses, laid out at length in the memoir
(Peach et al. 1907) established that the Lewisian
basement consisted of distinct tracts but the intru-
sive geology established a correlation framework
that provided a relative chronology of geological
events. Peach et al. (1907) recognized a distinctive
geological transition zone in the Laxford area
(Fig. 2d, see Fig. 1 for location). The ‘clean copy’
compilation map is reproduced here as Figure 7,
chiefly the work of Charles Thomas Clough. He rec-
ognized and mapped zones of ‘rodding and stretch-
ing’ together with tracts of ‘pre-Torridonian shear’
that offset the meta-igneous dykes. The area was
subsequently the focus of research by John Sutton
& Janet Watson (1951) and latterly by Friend &

Kinny (2004), along what is now known as the
Laxford Shear Zone.

It is tempting then to believe that the geological
understanding of the NW Highlands arose from
uniformly high-quality mapping. However, while
the different rock units were clearly mapped,
the ‘clean copies’ show less detail when covering
heavily faulted areas in single geological forma-
tions. This can be addressed here with reference to
Henry Moubray Cadell’s fieldwork in Foinaven
(Butler 2004a). This mountain consists of a ridge
of Cambrian quartzite (Fig. 2e), chiefly the Pipe
Rock member, that provides a natural cross-section
through the Moine Thrust Belt (Fig. 6a). Cursory
inspection of the synthetic geological maps of the
time suggests that the quartzites contain a few,
widely spaced thrusts and, in comparison with the
Assynt district, are relatively little deformed. This
is not the case. The ridge contains imbricates on
all scales, repeating packages of Pipe Rock quart-
zites on scales of tens of metres to individual beds
(Butler 2004b). Yet Cadell certainly recognized
the larger scale of imbricate thrusting – his field
notebooks are packed with interpreted sketches of
imbricate thrusts (Fig. 8). Only a few of these thrusts
were traced out on the ‘clean copy’ maps, although
where encountered on the cliff sections that feature
on the sketches in his notebooks, Cadell showed
them on his field slips. The thrusts are shown care-
fully where they place Pipe Rock on younger strata
and therefore form boundaries between different
rock types on the maps.

It is interesting to explore why different parts of
the thrust belt were shown with different concentra-
tions of structural data. One explanation of course
is that mapping tectonic contacts within single for-
mations is more challenging than for those situati-
ons where faults juxtapose distinct mappable units.
However, perhaps another reason comes from the
way in which the mapping itself was audited by
the Geological Survey. Consider a page from
Cadell’s field notebook (Fig. 9). This shows a
report on his productivity from a field campaign
on Foinaven, documenting the area covered (in
square miles) and the length of stratigraphic contact
(geological boundaries in linear miles). Data such
as this were important for they were compiled by
the Survey’s Annual Summaries of Progress. Cadell
did not include fault lengths – the mapping of
thrusts is therefore not valued in the audit. Perhaps
this lack of incentive influenced the mapping.
Perhaps the compilers of the ‘clean copy’ maps
(chiefly Horne) chose to simplify the geology. At
over a century’s remove and without further docu-
mentary evidence, discussions such as this are una-
voidably conjectural. But whatever the reason, the
bias towards showing fewer thrusts within individ-
ual formations has impacted on subsequent work.
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Fig. 5. ‘Clean copy’ map at a compiled scale of 1:10 560 for part of the Inchnadamph area (part of sheet 071, Sutherland). This area represents about 4.5 � 2 km on the ground.
Location g on Figure 1. Image courtesy of BGS.
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Fig. 6. Variations in structural styles as seen in cross-sections (located on Fig. 1) along the Moine Thrust Belt from
the memoir (Peach et al. 1907). (a) The Foinaven area, with closely imbricated Cambrian quartzites. (b) Northern
Assynt (Beinn Uidhe) showing Lewisian thrust sheets (Glencoul thrust) and imbricated Cambrian sediments. (c) The
Dundonnell structure, illustrating evidence for folding of upper thrust sheets by underlying detached thrusts and
folds. (d) The Achnashellach area, dominated by spaced imbricates of Torridonian and Cambrian sediments. (e) The
northern part of the Kishorn nappe, with large-scale overturning of strata (part of the regionally recumbent,
NW-facing Lochalsh syncline). Early versions of the profiles a–c were presented by Peach et al. (1888) in their
preliminary report on the structure of NW Scotland.
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Fig. 7. ‘Clean copy’ at a compiled scale of 1:10 560 for part of the Laxford area (part of sheet 040, Sutherland). Location h on Figure 1. The image represents approximately
7.5 � 3 km on the ground. Image courtesy of BGS.
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For example, Boyer & Elliott (1982), in setting up
the Foinaven transect as one of their type examples
of duplex structures, quote the number of thrusts as
shown by the Survey map and cross-section (Peach
et al. 1907, Fig. 6a), and tabulate this along with
data from other duplexes elsewhere in the world.
Yet the data are not comparable.

Notebook observations

Although it is the detailed geological mapping com-
pleted by the Survey that has received the most
attention, the Geological Survey team collected far
more data and this contributed to the memoir
(Peach et al. 1907). Maps are of course most useful
for recording geology in plan view. However, parts
of the NW Highlands are locally too vertiginous for
their geology to be shown clearly on maps alone.
The Foinaven cliffs are such an area hence Cadell’s
use of field sketches to capture the geological struc-
ture in profile (Fig. 8). These show annotated inter-
pretations such as the labelling of thrust surfaces
(called ‘slide planes’ by Cadell as the term ‘thrust’
was only just becoming coined; Geikie 1884). The

notebook sketches show that Cadell was recogniz-
ing thrusts – but, with reference to the discussion
above, was not inclined to map them through the
landscape (see Butler 2004b).

Cadell did not restrict his research to field struc-
tural geology. The cliffs of Foinaven inspired him to
perform a spectacular and famous series of analogue
deformation experiments (Cadell 1888; see Butler
2004a for summary). Cadell left the Survey the fol-
lowing year to look after the family estates and other
business interests following the death of his father.
It may appear strange to modern readers, especially
those interested in tracking intellectual contribu-
tions in science, that despite his fundamental contri-
bution to Moine Thrust Belt research, Cadell was
not included in the authorship of the 1907 memoir.
This may reflect a tendency for Survey publications
to only include authors who are active employees.

Tectono-stratigraphic framework

The tectonic evolution of what was the eastern
margin of Laurentia, and specifically of the Hebri-
dean Terrane, relies strongly on the geological

Fig. 8. Cadell’s field observations for Foinaven as portrayed in his notebook for the 1884 season (courtesy of BGS).
(a) Interpreted sketch of the northern cliffs of Foinaven. SP slide plane, features that would now be called ‘imbricate
thrusts’. (b) Cadell’s field water colour of the northern cliffs of Foinaven, to accompany the interpreted sketch.
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record of the NW Highlands. Following the resol-
ution of the ‘Highlands Controversy’ by Lapworth
(1885), the memoir (Peach et al. 1907) laid out the
relationships between what Horne described as the
‘four great rock groups’: Lewisian, Torridonian,
Cambrian (Cambro-Ordovician) and Eastern Schists
(Moine). The Memoir (Peach et al. 1907) lays these
out in discrete chapters, with combinations of field
relationships, reported by Horne, and petrological
information, largely furnished by Teall. There is a
wealth of specific information on localities that
subsequent generations have researched, together
with review-based introductions. It is unfortunate
that these reviews do scant justice to research of
the time beyond the immediate survey team: it is
unwise to read these as representing the knowledge
gained by the memoir authors alone. A full dissec-
tion of these issues lies far beyond the scope of the
present paper (but see Stewart 2002, for comments
relating to the Torridonian, for example).

Given the complexity and duration of geological
time represented by the Lewisian, it is appropriate
that chapters dealing with these metamorphic units
represented the greatest proportion of the memoir
(Peach et al. 1907). Much of the basic fieldwork
in the Lewisian was executed by Clough which
provided the framework for extensive pioneering

petrographic studies by Teall. Collectively they
established the complex history of intrusion events
and the dominantly meta-igneous origin for the
Lewisian. They also noted the presence of supra-
crustals, especially in the Gairloch and Loch
Maree sector (see Park 2002) and hence began to
establish the long, pre-Torridonian crustal history
of NW Britain. Teall discussed the differentiation
of the older gneisses of the Lewisian – using field
relationships to determine that intrusion, meta-
morphism and deformation were synchronous,
forming what is now known as the Badcallian
event. These are fundamental insights into deep
crustal processes and relied on linked field
mapping and careful petrography.

A key insight was the importance of the
Scourie dyke suite – separating distinct tectono-
metamorphic events within the Lewisian complex.
Teall recognized that the dykes within the central
part of the Lewisian outcrop included examples
with pristine igneous textures but were the equiva-
lents to screens of now biotite-amphibolite schists
within the Laxfordian reworked area (Sutton &
Watson 1951), in what is now termed the Northern
or Rhiconich terrain (Friend & Kinny 2004). Thus
a basement stratigraphy with correlatable history
yet spatially heterogeneous development was estab-
lished. These methods were developed further by
Sutton & Watson (1951) and underpin rigorous
structural studies in basement elsewhere around
the world (e.g. Treloar et al. 2000). The survey
team went further, recognizing different tectonite
types and deducing strain states, albeit qualitatively,
within the areas of amphibolite facies gneisses.

When it came to the Torridonian sediments,
according to Stewart (2002), Peach et al. (1907)
did little to progress the studies of Nicol from the
mid-19th century. The improved stratigraphic
knowledge of the adjacent units did however allow
Peach et al. to characterize the Torridonian as ‘the
oldest recognizable sedimentary deposits in the
British Isles’. They divided the succession into
three parts: Diabaig, Applecross and Aultbea,
which are the modern formations of the Torridon
Group (Stewart 2002). The recognition of the sig-
nificantly older Stoer Group, which was lumped in
with the Diabaig, had to wait until much later (see
Stewart 2002). Much effort was spent describing
the high-relief basal unconformity (e.g. Peach et al.
1907, Fig. 10) on the Lewisian basement and the
nature of the basal sediments. This Proterozoic
landscape was clearly recognized to include
Torridonian-age river valleys. Peach et al. also
documented that away from the basal unconformity,
the pebble clasts within the Torridonian sediments
do not match the underlying Lewisian. Further, the
petrology of the sandstones, studied again by
Teall, has a feldspar fraction dominated by fresh

Fig. 9. Audit of a season’s fieldwork from Cadell’s 1885
notebook. (Image courtesy of BGS.)
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Fig. 10. The basal Torridonian unconformity. (a) View of Slioch from the southern side of Loch Maree. (b) Cross-section through Slioch showing the basal Torridonian
unconformity as interpreted by Peach et al. (1907, their fig. 11).
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microcline, which is rare through much of the
Lewisian outcrop. Thus the Torridonian sediments
were sourced from some other landmass, outside
the NW Highlands, a conclusion that has prompted
modern research (e.g. Kinnaird et al. 2007).

The Cambro-Ordovician stratigraphy covered
in the memoir again underpins modern research,
including the designation of Geological Conserva-
tion Review sites (Prigmore & Rushton 1999).
The main stratigraphic units are reviewed together
with palaeontological notes, a rare example of
single-author writing in the memoir by Peach. The
Olenellus fauna were recognized as having North
American affinities (Salter 1859), the lack of corre-
lative species with successions in Wales and Norway
used by Peach et al. (1907, p. 387) to only tentatively
ascribe the youngest sediments (Durine Group,
Durness) to the Late Cambrian. Modern research
places these carbonates in the Arenig (Prigmore &
Rushton 1999, and references therein). But the corre-
lation with North America was important for pio-
neers of plate tectonics later in the 20th century
(e.g. Owen 1976). Peach et al. (1907) concentrated
their analysis, beyond stratigraphy, to sedimentol-
ogy and ichnography. The results were used collec-
tively to deduce a shallow-marine depositional
setting for the Cambro-Ordovician succession.

Although the post-Cambrian igneous rocks
of Assynt had been recognized and described by
many of the pioneer Highland geologists of
the mid-19th century, Peach et al. (1907) provided
the first comprehensive descriptions. This included
another petrological tour de force by Teall, who
described not only the mineralogies of the various
intrusions but also discussed contact metamorph-
ism, especially in the impure carbonate rocks of
the Durness Group. The igneous rocks were used
by Peach and Horne to develop a relative chronol-
ogy of deformation and magmatism. They also
recognized meta-igneous sheets within the Moine,
just above the Moine Thrust, which had deformation
fabrics common with the adjacent mylonites. They
commented that the igneous province originally
continued much further to the east, and was subse-
quently telescoped by the development of the Moine
Thrust Belt. Thus they established the framework
that would later allow the integration of radiometric
methods to date thrust sheet emplacement in the
NW Highlands (van Breeman et al. 1979; Halliday
et al. 1987).

The memoir (Peach et al. 1907) concluded with
a description of the ‘Eastern Schists’ – rocks that
lay at the heart of the original Highlands Controver-
sies discussed above. The authors, chiefly Peach and
Horne, group all strongly foliated rocks into this
section, materials that are found on both sides of
what they recognized as the Moine Thrust. Indeed
they state that commonly the precise position of

the thrust plane is difficult to define because intense
deformation has obliterated the original nature of
the rocks. Nevertheless, the memoir provided pre-
liminary descriptions of the Moine metasediments
and the recognition that they contain inliers of
gneisses that were correlated with the Lewisian to
the west of the Moine Thrust. Indeed Horne and
Teall went further, recognizing that Lewisianoid
units within the Moine outcrop correspond to differ-
ent Precambrian deformation states, as found in the
foreland to the west. They wrote that gneisses

resemble the corresponding types in the undisturbed
Lewisian gneiss of the western area [i.e. beneath the
Moine Thrust]; but certain granulitic gneisses . . . are
more closely allied to the rocks which occur in the
pre-Torridonian shear-zones.

They noted that clear relationships between Moine
and Lewisian units are difficult to unravel along
the North coast but in the Strathcaron area (Fig. 1)
recounted Peach’s discovery of a basal conglomer-
ate and unconformity of Moine on Lewisian. This
recognition of basement-cover relationships in the
Moine is fundamental, but the designation of strati-
graphy within the Moine metasediments had to wait
until the Survey efforts moved further east, in the
20th century.

While the memoir provided only minor notes on
the nature of the main Moine outcrop, there were
substantial descriptions of the strongly deformed
rocks that outcrop immediately along the Moine
Thrust. In the Eriboll area Peach and Horne descri-
bed a highly differentiated sequence of strongly
deformed rocks that straddle the Moine Thrust and
correlated these with similar series in the Durness
area (see Holdsworth et al. 2007). But they poin-
ted out that this tectonic stratigraphy cannot be
traced further along the main outcrop of the Moine
Thrust. Clough described the famous section of
mylonites found on either side of the Moine
Thrust at the Stack of Glencoul in northern Assynt,
clearly recognizing transitions from weakly de-
formed Cambrian quartzites into quartz mylonites,
on the footwall side, and strongly sheared metasedi-
ments (the Moine) in the hanging wall.

Petrology and fault rocks

To many historians of geology, the first significant
descriptions of fault rocks belong to Lapworth
(1885), part of the reports on researches that fam-
ously led to Peach, Horne and others being dis-
patched to the NW Highlands by Geikie in the first
place. Aspects are reviewed in later chapters (Law
& Johnson 2010; White 2010) and discussed by
Cheeney (2002). Lapworth’s insights on fault
rocks were quickly adopted by the Survey geol-
ogists, especially through the efforts of Teall, as
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he recounted in his later review (Teall 1918). Much
of the historical ground is covered by Snoke &
Tullis (1998). But the memoir itself (Peach et al.
1907) went further in interpreting than is perhaps
generally realized.

The Survey team were able to use the different
exhumed crustal levels represented by the Moine
Thrust Belt and the Lewisian to make comparisons
between deformation mechanisms. Sceptical read-
ers may think that the present author has gone too
far in viewing 100-year-old research through
twenty-first century eyes. But consider the follow-
ing direct quote, most probably written by Teall
(Peach et al. 1907, p. 597):

. . . Quartz and feldspar in juxtaposition behave some-
what differently. Quartz appears to yield without
fracture to stresses tending to produce fluxion more
readily than feldspar, and what may be termed quartz-
flow round angular grains or crystals of feldspar
may sometimes be observed. In such cases the appe-
arance under the microscope suggests that an
original grain of quartz of approximately equal dimen-
sions in the different directions has been converted
into a curved lenticle, and that in the process of defor-
mation the crystalline individuality of the grain has
been lost.

These comments relate to mylonites along the Moine
Thrust, and clearly recognized the differing defor-
mation mechanisms that acted in quartz and feld-
spar. Fluxion and lenticles allude to what modern
microstructural geologists might term ‘ribbon
grains’. Crystalline plasticity is clearly recognized
for what it is. Earlier in this section of writing the
following appears:

The plagioclase feldspars illustrate the cataclasitic
effects in the greatest perfection on account of their
twin lamellation. The first effect is seen in a simple
faulting of the twin lamellae, and from this action to
the breaking up of a large individual onto innumerable
fragments.

Cataclasis and crystalline plasticity were described
from the same rock (Cheeney 2002).

Comparison is then made between the
amphibolite-facies deformation zones in the Lewi-
sian with the mylonites along the Moine Thrust
(Peach et al. 1907, p. 598):

In the pre-Torridonian [Lewisian] shear-zones granu-
lar gneisses have frequently been converted into
hornblende-granulites by shearing, without the devel-
opment of cataclastic structures, or, in other words,
by plastic deformation; whereas in the region of the
post-Cambrian thrusts [i.e. the Moine mylonites]
similar rocks have been converted into mylonites
with marked evidence of mechanical fracture of the
original constituents. These two types no doubt corre-
spond to differences of pressure and temperature at
the time of deformation. The mylonitic type may be
regarded as characteristic of the zone of flow, but

neither the two types nor the two zones are sharply
separated from one another, for, as we have just seen,
quartz may be in the zone of flow, while feldspar is
still in the zone of fracture.

So here we have the recognition of compositional
and ambient environmental controls on fault rocks.
‘Zone of flow’ and ‘zone of fracture’ clearly suggest
some notion of what modern researchers might term
deformation mechanism maps. Even the language is
modern. In their review of fault rocks, Snoke &
Tullis (1998) credit Grubenmann & Niggli (1924)
with introducing the term cataclasite to geology,
yet Peach et al. (1907) repeatedly use the adjective,
as in the above quote.

The key to Teall’s deductions lay in a combi-
nation of methodical field descriptions, linked to
careful optical petrography. Although Peach and
Horne generally get most of the credit for the
research in NW Scotland, the teamwork between
Clough and Teall was equally significant. Consider
this description, hidden away in the chapters on
Lewisian geology (Peach et al. 1907, p. 250):

A band of much-crushed gneiss . . . contains various
black felsite-like strings which behave as if they were
intrusions . . . Irregular fragments of quartz and feld-
spar lying in this substratum show unmistakeable
signs of deformation.

The memoir gave descriptions of thin sections taken
from this and similar occurrences nearby:

One of the strings shows under the microscope a
microlitic structure in the ground mass, and some
signs of fluxion. The fragments of quartz and feldspar
included in the ground mass show strongly-marked
cataclastic structures.

Modern geologists can doubtless recognize descrip-
tions of pseudotachylite – primary descriptions of
which are commonly credited to James Shand
(1916; see Snoke & Tullis 1998). But Shand’s expo-
sition of South Africa’s Vredefort structure at the
Geological Society was strongly supported by
Teall and Edward Greenly (briefly part of the Survey
team in the NW Highlands) who brought specimens
from the Lewisian gneiss complex, perhaps even
those described above (see discussion of Shand
1916)! There are numerous other examples within
the Proceedings of the Geological Society and
other learned institutions for knowledge transfer of
this type. This led to the descriptions of pseudota-
chylites along the Outer Isles Fault Zone by Jehu &
Craig (1925), as reported at length (along with a
restatement of the Loch Maree occurrences) by
Peach & Horne (1930). So it was not only the
written memoir but also the continuing activities
of its authors through the early part of the 20th
century that continued to promote the NW
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Highlands as the pre-eminent training ground for
structural geology.

Scientific investigations and the

first thrust

Great store is placed on the priority of scientific
discovery in general and it is no different for thrust
tectonics. Although Geikie (1884) coined the term
‘thrust’, the notion that tectonic structures can
involve significant lateral translations reaches
further back into the 19th century, as reviewed by
Bailey (1935) amongst others. As today, most of
the scientific communities exchanged ideas so that
progress was through the integration of concepts
and case studies from a variety of locations. In the
Swiss Alps, Hans Conrad Escher von der Linth
(1841) invoked kilometre-scale thrusting at Santis
to explain Mesozoic carbonates overlying Cenozoic
molasse sandstones there. Yet Escher preferred a
double-fold model for the more famous Glarus
area and the concept of thrusting there was only
widely accepted long after the interpretations of
Marcel Bertrand (1884). Curiously, Murchison –
who was so hostile to tectonic allochthoneity in
NW Scotland – invoked what might now be con-
sidered as a thrust interpretation at Glarus in his
report on a visit to the site with Escher (Murchison
1848). Elsewhere in the world, mapping campaigns
invoked low-angle faulting. These include Alfred
Elis Tornebohm’s researches in the Scandanavian
Caledonides summarizedbyTörnebohm(1888),pre-
ceded by the Rogers brothers in the Appalachians
of Virginia and Pennsylvania in 1842–1843 (see
Rodgers 1949). Alpine researches were summarized
and promoted to great effect by Albert Heim (1878),
including the notion that thrusts developed during
progressive amplification and shearing of folds.
Eduard Suess (1883) developed the concept of
thrust imbrication (schuppen struktur).

Yet, according to Bailey (1935, p. 23), an impor-
tant attribute of the work of Peach and Horne,
followed by their survey colleagues, is that they
‘merely reproduced what they saw in Nature, and
left it at that’. Indeed great store is placed in contem-
porary commentary that mapping was done without
reference to theory or models. The implication is
that the resulting geological maps were objective
documents and that inferences drawn from them
were essentially inviolate. As Oldroyd (1990)
notes, such beliefs are disingenuous – it is hardly
plausible that geologists can ‘divest themselves of
any prepossessions’ as Peach and Horne were
instructed by Geikie (1884). Surely they were influ-
enced by their earlier training and experience. For
example, Horne trained under the tutelage of Appa-
lachian pioneer Henry Darwin Rogers who, in 1857,

moved from being Director of the Pennsylvania
Geological Survey to the Chair of Natural History
at the University of Glasgow. Thus it is most
likely that he would have learnt of the new tectonic
concepts developed from Appalachian mapping.
Horne joined the Scottish survey the year after
Rogers’ death, familiar with the results of Appala-
chian researches. Lapworth (1883) acknowledged
the insights gained from the work of Heim (1878)
as well as the petrographic work of Waldemar
Brøgger (1882). One of the motivations for
Cadell’s (1888) experiments in mountain building
was to show that Heim’s model (that folding
necessarily preceded thrusting) was not generally
applicable to structures in the NW Highlands.

The notebooks of the Survey geologists from the
1880s show that they were using theory and
models to guide their interpretations, and hence
their mapping. Theoretical sketches by Peach in
his notebooks and on the back of field slips were
apparently designed to show others his portrayal
of structural geometries (Fig. 11). Cadell did the
same, with his notebooks in many respects forming
informal textbooks (Fig. 12). Some of the ideas are
theoretical, including the relationships between
faults and forces which were subsequently devel-
oped by Ernest Masson Anderson (1905). To
argue then that fieldwork was being carried out
free of theory is hardly credible.

These issues are important because they impact
on the nature of scientific discovery. Mapping is,

Fig. 11. Peach’s model of imbricate thrusting, as
sketched on the reverse side of one of his field slips
(image courtesy of BGS).
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like most geology, strongly interpretative and
therefore unavoidably linked to the experiences,
knowledge and societal background of the inter-
preter (Bond et al. 2008). Awareness of these
influences is important for assessing uncertainty in
the interpretations (Tversky & Kahneman 1974).
In conventional field geology, simple recording of
locations allows future scientists to visit outcrops
and therefore repeat the experiment. The interpreta-
tions may thus be validated or falsified. But simply
using the field data of others without revalidation
introduces unrecognized uncertainties, as noted

above in Boyer & Elliott’s (1982) use of Cadell’s
mapping.

Discussion

The 1907 memoir (Peach et al. 1907) and the con-
temporary documents represent a spectacular array
of insights into structural geology and deformation
processes that still resonate today. It is the central
document from a time of few publications and was
widely circulated, certainly in the English-speaking

Fig. 12. Geological models from Cadell’s notebooks (images courtesy of BGS). (a) Cadell’s depiction of the geological
history of the foreland in Assynt, with episodes of deposition, tilting and erosion, to explain the double unconformity
between Lewisian, Torridonian and Cambrian rocks. (b) Cadell’s theoretical 2D analysis of force axes and faults,
specifically the origin of reverse and normal faults.
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world. The work underpins modern studies of NW
Scotland, as reviewed elsewhere in this volume.
In the memoir readers will find surprisingly
modern accounts of deformation structures rang-
ing in scale from thin-sections to mountain sides.
The original compilations of field mapping, the
‘clean-copies’ at 1:10 560, show great insight that
still feeds into the geological maps of the NW
Highlands. But the 1907 memoir also portrays the
intellectual endeavour of more than just its
authors. Major contributors to tectonic understand-
ing in the NW Highlands are only mentioned, and
their contribution credited, in passing. Furthermore,
the models applied by the authors to the region are
barely discussed, making careful historical analysis
difficult. In most cases the interpretational bias and
concept uncertainties that are introduced by dif-
ferent members of the mapping team are impossible
to assess. This has required future workers, with
their own array of prior knowledge, concepts and
models, going back and repeating the fieldwork.
Bailey’s (1935) implication that the geological
mapping behind Peach et al. (1907) was free of
models and that tectonic understanding appeared
automatically from the mapping process is an
unfortunate misconception that has propagated a
myth that good geological mapping is somehow
objective. While the distribution and identification
of rock exposures may be open to little dispute,
the nature of inferred boundaries, the projection
of outcrop knowledge into the subsurface and
deductions of geological evolution all carry sig-
nificant uncertainties that are commonly resolved
in subjective ways. Tracking the evolution of
concepts, models and assumptions in geological
maps, as areas are republished with combinations
of selected remapping and compilation, is a sig-
nificant challenge as the number of iterations
increase. Notwithstanding the importance of the
1907 memoir and its apparent comprehensive cov-
erage, fundamental research and controversy con-
tinues in the NW Highlands – some of which
features within this Special Publication. Long
may the debate continue for it informs global tec-
tonic investigations.

The following are thanked for useful insights, comments
and interventions: D. Bowes, for tipping me off about the
Horne and Rogers connection; G. Park for his insights
on early work in the Lewisian complex; J. Mendum,
M. Krabbendam, K. Goodenough and others at BGS for
facilitating access to archive material. P. Cobbold and
J. Mendum are thanked for constructive reviews, although
the author takes sole responsibility for any opinions expre-
ssed here. Aspects of this introduction were developed as
part of the Mapping Mountains exhibition (www.mapping-
mountains.com) in conjunction with C. Bond who also
greatly clarified my thinking on the intellectual baggage
we bring to geological fieldwork.
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Peach and Horne: the British Association excursion to Assynt

September 1912

A. J. BARBER

Department of Earth Sciences, Royal Holloway University of London, Egham,

Surrey TW20 0EX, UK (e-mail: 106731.1236@compuserve.com)

Abstract: At the meeting of the British Association held in Dundee in September 1912 a group of
eminent European geologists, including most of the leading Alpine tectonic experts of the day,
intrigued by the account of the structure of the NW Highlands given in the 1907 memoir, expressed
a wish to see these structures for themselves. Peach and Horne were approached, and agreed to lead
an excursion to the Assynt area following the meeting. The programme for the excursion followed
an itinerary that many geological parties still follow today. On the final evening of the excursion
Albert Heim (Zurich), the doyen of Alpine geologists, gave a vote of thanks to the leaders and
Maurice Lugeon (Lausanne) composed La Chanson du Moine Thrust which the participants
sung with great enthusiasm. Brief biographies are given of the participants, many of whom were
already distinguished, while most of the junior participants, particularly those from the British
Geological Survey, went on to pursue long and distinguished careers, making major contributions
to our knowledge of Scottish geology.

Benjamin Neave Peach and John Horne demonstra-
ted the results of the recently completed geological
mapping of the Assynt area, in the NW Highlands
of Scotland, to a party of eminent European, British
and American geologists during a field excursion
which took place 11–18 September 1912, under the
auspices of the British Association for the Advance-
ment of Science. The BA excursion included routes
that have been followed by geological parties and
many generations of students, ever since. Some of
these routes were also followed by participants
in the excursions, organized for the commemora-
tive meeting at Ullapool in May 2007 to celebrate
the centenary of the publication of the 1907 memoir
on the Geological Structure of the North-West
Highlands of Scotland (Peach et al. 1907).

A cyclostyled programme giving the itineraries
to be followed during the excursion was presented
to participants at the commencement of the excur-
sion, but the information given here, including the
programme, the list of participants and the ‘vote of
thanks’, is taken from the pamphlet Geological
Excursion in the North-West-Highlands of Scotland
Assynt-Region prepared and by Professor Albert
Heim after the excursion and published by the
Geological Commission of Switzerland, Zurich
(Heim 1912).

Programme

ASSYNT EXCURSION conducted by

Messrs PEACH & HORNE 11th to 18th

September 1912

WEDNESDAY 11th September: leave Dundee
2.45 p.m. train, Caledonian Station, reach Perth

3.50 p.m. The Highland Railway, reach Inverness
7.42 p.m.: Special 3rd Class Carriage reserved for
this party. Return tickets (3rd Class) Perth to
Lairg at reduced rates for Assynt Excursionists,
single fare and a third ¼ Twenty Shillings and
Sevenpence. Stay overnight in the Station
Hotel, Inverness, at reduced tariff. Dinner,
bedroom, breakfast and attendance ¼ Eleven
Shillings and Sixpence (exclusive of spirits,
wines and aerated waters) for those who wish a
single bedroom each, and Ten Shillings and Six-
pence for those who take double bedded rooms.

THURSDAY 12th September: Leave Inverness
9.50 a.m.; reach Lairg 12.45 p.m. Lunch at
Lairg Hotel; leave Lairg for Inchnadamph at
about 2.00 p.m. on the way examine sections of
Moine Schists in the River Oykell, by the road-
side and in Allt Ealag near the Moine Thrust.

FRIDAY 13th September: Lewisian Gneiss and
undisturbed Torridonian Sandstone and Cam-
brian strata. Drive to Strathan beyond Lochinver
and on the way back to Loch Assynt examine
various types of gneiss in the Fundamental
Complex, basic and ultrabasic dykes and pre-
Torridonian shear lines. Unconformable junction
of Torridon Sandstone and Lewisian Gneiss.
Cambrian strata resting unconformably on Torri-
don Sandstone: undisturbed Cambrian strata
up to the basal dolomites: Olenellus zone well
exposed here.

SATURDAY 14th September: Glencoul Thrust.
Drive to Kylesku, thence by boat to the head of
Loch Glencoul. Examine Lochinver type of
quartz pyroxene gneiss traversed by basic dykes:
overlap of Cambrian strata from the Torridon
Sandstone onto the Lewisian Gneiss: undisturbed

From: LAW, R. D., BUTLER, R. W. H., HOLDSWORTH, R. E., KRABBENDAM, M. & STRACHAN, R. A. (eds) Continental
Tectonics and Mountain Building: The Legacy of Peach and Horne. Geological Society, London, Special Publications,
335, 29–49. DOI: 10.1144/SP335.3 0305-8719/10/$15.00 # The Geological Society of London 2010.



Cambrian succession; piled up fucoid beds,
serpulite grit and basal limestone (Schuppen
struktur) beneath the Glencoul thrust on both
sides of Loch Glencoul; outcrop of Glencoul
thrust plane, great slice of Lewisian Gneiss over
1500 feet thick, covered unconformably by
Cambrian strata.

The younger members of the party may ascend
to the 1250 ft. level to examine the mylonites in
connection with the Moine Thrust, at the base
of the Stack of Glencoul.

SUNDAY 15th September: Rest for those that wish
to do so: sections near hotel for others.

MONDAY 16th September: Ben More thrust.
Drive to Ben More lodge, Loch Ailsh. Walk up
the Oykell River section for three and a half
miles to the outcrop of the Ben More thrust
plane. Here a thick slice of Lewisian Gneiss
with dykes and infolds of Torridon Sandstone
are driven over Cambrian strata; ascend the
stream issuing from Dubh Loch Beag, examine
infolds of Torridon Sandstone with basal con-
glomerate in the Lewisian Gneiss; deformation
of Torridonian basal conglomerate and Lewisian
Gneiss by post-Cambrian movements.

On the way back to Ben More Lodge, examine
thrust mass of syenite intrusive into Cambrian
strata which alters Cambrian limestone and dolo-
mite into marble.

TUESDAY 17th September: Moine Thrust. Drive to
Cnoc-an-t-Sasunaich, south of Elphin. Examine
undisturbed Cambrian succession: outcrop of
Moine Thrust plane: lenticle of deformed Lewi-
sian Gneiss beneath the Moine mylonites and
resting on the Cambrian basal dolomite: walk
eastwards to the Knockan Burn and walk along
the outcrop of the Moine Thrust plane for a
short distance where the Moine rocks rest on
the piled up Cambrian dolomites.

Visit Borolanite mass east of Ault-na-
Callagach: examine outliers (Klippen) of thrust
materials above Ben More thrust plane at Beinn
an Fhurain and Beinn nan Chaimh-seag where
they rest on piled up Cambrian dolomites.

WEDNESDAY 18th September: Drive from
Inchnadamph to Lairg Station: leave Lairg at
12.7, reach Edinburgh 9.17.

Inchnadamph Hotel reduced tariff – Nine Shillings
per day for breakfast, lunch, dinner bedroom and
attendance (exclusive of spirits, wines and aerated
waters). Hiring charges extra.

List of participants

Prof. Ch. Barrois and Madame Barrois (Lille),
Dr. E. Tietze (Vienna), Dr. Hans Reusch
(Christiania–Oslo), Prof. M. Lugeon (Lausanne),
Prof. E. Haug (Paris), Prof. Leith (Wisconsin),

Dr. Albert Heim (Zurich), P. Pruvost (Lille),
Madame Dr. E. Jérémine (St. Petersburg),
A. Strahan (Geol. Surv., London), Prof. S. H.
Reynolds (Bristol), Prof. W. S. Boulton (Cardiff),
T. J. Jehu (St. Andrews), T. D. Falconer
(Glasgow), Albert Gilligan (Leeds), W. F. P.
McLintock (Edinburgh), E. M. Anderson
(H. M. Surv., Edinburgh), E. B. Bailey
(H. M. Surv., Edinburgh), C. B. Crampton
(H. M. Surv., Edinburgh), C. H. Dinham (H. M.
Surv., Edinburgh), G. V. Wilson (H. M. Surv., Edin-
burgh), G. W. Lee (H. M. Surv., Edinburgh), M.
Macgregor (H. M. Surv., Edinburgh), J. E. Richey
(H. M. Surv., Edinburgh), W. B. Wright (Geol.
Surv. Ireland, Dublin), Cosmo Johns (Sheffield),
A. W. R. Don (Cambridge) and T. C. Nicholas
(Cambridge) (Figs 1–3).

N.B. This is a corrected version of Heim’s list,
evidently transcribed from a hand-written list, in
which some names are misspelled or given incorrect
initials.

Vote of thanks: given by Albert Heim

at Inchnadamph 17.IX.1912

Ladies and Gentlemen, we are now at the end of our
beautiful excursion to the Highlands of Scotland.
Our predominant feeling and impulse is to thank
our guides Peach and Horne!

We look at the scientific work they have done in
this country with the highest respect and appreci-
ation. They are a couple of scientists, Investigator-
Twins, such as I have never seen before in my life,
two men so delightfully developed in a wonderful
common work of research, I think such a union
in investigation was only possible because both
of them are such beautiful characters and because
they were both always directed by the conviction
that investigation, that the finding out of truth, is
the most sublime duty of the human mind.

No doubt, they had their excellent predecessors
and their helpers in clearing up the ‘Secret of the
Highlands’. They will also have their correctors.
For investigators of such a high mind a correction
is always a pleasure, because it brings them nearer
to the truth. I have the conviction that in this case
the corrections will refer to details in observation
and explanation, and not go so far as with me, for
instance, by my friend Lugeon, seated at my side.
The principal work done by our Twins will remain
a good and solid step in the advancement of
human knowledge, and their names will be attached
to it for ever!

Peach told me that when he was a very young
man, he once made a trip into the Alps. On approa-
ching them and seeing them from afar, he felt that
before him he had something grand, and – though

A. J. BARBER30



he did know not yet anything of overthrusts then –
he was touched by it and the tears ran over his young
cheeks. ‘Paidy Peach’ is today still a young man, the
youngest of us in his heart. Well, before my remains
will be burnt, I have one great wish, that is to bring
our dear twins into the Alps and to guide them there.

In the Scotch [sic] Highlands they worked in a
very old land, their mountains are old, weathered
down to their very roots. Our Twins have seen and
investigated the roots of mountains only. In the
Alps the things are otherwise. The Alps are ten or
twenty millions of years younger. My dear Twins,
you who have spent your strength, your work,
your time, your life in finding out the structure of
the earth’s crust in the roots of the mountains, do
come some day to see also the leaves and beautiful
folded flowers which follow higher up – come to
smell and enjoy these flowers! You who have
studied the mountains in the form of an old man,
come to see the Säntis, a young man. Born above
a great thrust, in full development of splendid
fresh and upright limbs and folds. Come to see the
Jungfrau. She is a wonderful young Lady born
deeply down under the great thrust planes in the
youngest tertiary time and brought to light only in
quaternary time!

What a happy day it will be in my life it will be
to see Horne’s eyes lightening and Peach’s tears
running again, both entirely carried away into their

scientific heaven by seeing the grand young moun-
tains, by seeing in reality what they will till now,
only imagined to have existed above their Highland-
grounds some thousands metres higher in the sky
(Fig. 4). Come! You must come! It is your duty, it
is your human and scientific right. It will be a
reward for your excellent life-work.

Let me thank you in the name of science for your
scientific work. It was difficult work, a hard work
and a work which could be done only by men of
your strength and devotion!

And, Ladies and Gentlemen, I am sure you will
also allow me to thank our dear Investigator-Twins
in the name of all the excursionists for the indefatig-
able devotion in bringing us to their mountains and
showing us their principal features, which give us an
idea of this interesting overthrusted region of the
earth’s crust.

We all will hold our Investigator-Twins dear in
our memory. May they live long and happy and
enjoy the growth of knowledge and the respect
and love of everybody.

So let us thank you once more!

Heim’s list of participants

In Heim’s account of the excursion the participants
are curiously described as ‘Partners’, and whereas

Fig. 1. Horne (left) and Peach (right) sitting on the bench outside the Inchnadamph Hotel 1912. Reproduced with the
permission of the British Geological Survey # NERC. All rights reserved.
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today they would be arranged alphabetically, Heim
arranges them in a hierarchy, where Europeans
rate above British, academics rate above Survey
Officers and recent graduates come last! On Heim’s

list some of the names of the participants are
misspelled, or are given incorrect initials, evidently
the original list was handwritten and incorrectly
transcribed. Some of the participants were well

Fig. 2. The participants in the 1912 BA Field Excursion to Assynt outside the Inchnadamph Hotel (Photo by S. H.
Reynolds). 1. John Horne, 2. Hans Reusch, 3. Hawker Dinham, 4. Albert Gilligan, 5. Cosmo Johns, 6. John Falconer,
7. James Richey, 8. Cecil Crampton, 9. Edward Bailey, 10. Tressilian Nicholas, 11. William Boulton, 12. Charles Leith,
13. Aubrey Stahan, 14. Thomas Jehu, 15. Ernest Anderson, 16. Emil Tietze, 17. Elisabeth Jérémine, 18. Emil Haug,
19. Ben Peach, 20. Albert Heim, 21. Madame Barrois, 22. Maurice Lugeon, 23. Charles Barrois, 24. Murray Macgregor,
25. Pierre Pruvost, 26. William Wright, 27. George Wilson, 28. Gabriel Lee, 29. William McLintock, 30. Archibald
Don. Reproduced with the permission of the British Geological Survey # NERC. All rights reserved.
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established in their careers as Professors (6) or
Directors of museums (2), others were junior aca-
demics, who subsequently became professors (5),
or officers of the Geological Survey, who later

became Directors of the Survey (4). Four were
elected Fellows of the Royal Society of London
and seven were elected Fellows of the Royal
Society of Edinburgh.

Fig. 3. Signatures (apart from Don) of the participants in the 1912 BA Field Excursion to Assynt. From a sheet mounted
on the flyleaf of A. W. R. Don’s copy of the 1907 NW Highlands memoir.
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La Chanson and Lugeon’s account

of the excursion

During the excursion Maurice Lugeon, Professor of
Geology at the University of Lausanne, Switzer-
land, prepared some verses of La Chanson du
Moine Thrust, which were sung by the participants
on the last evening of the excursion. Later Lugeon
published a revised version (Appendix 1), together
with a brief account of the excursion (Lugeon
1913) which is reproduced below.

The British Association for the Advancement
of Science held its annual meeting at Dundee in
1912. On the 11th September, a party of geologists
who had assembled to participate in the meeting
left Dundee to visit the famous thrust phenomena
in the Caledonian Mountains. The two grand
Masters, Horne and Peach guided our studious
and joyful party. During the day this small
group inspected the outcrops of ancient nappes.
In the evening accommodation was provided
by Mr. Wallace at Inchnadamph (Hotel) near Loch
Assynt.

Peach revealed to us the secrets of the ‘pipe
rock’. We were shown marvellous structures! We
saw the Glencoul Nappe resting on a thrust plane

on top of the ‘Old Boy’, then the Ben More Nappe
and above all the Moine Thrust. We did not see
the thrust front itself, previously it must have
extended much further, to where the green sea
now rolls. On the 17th September, our last night in
this classic terrain, we had pleasant evening of
discussions. At the head of the table, Peach told
anecdotes with his usual charm. Near by Horne
talked agreeably; truly he never says anything
else. Barrois is talking, and one knows that whatever
he says is always delightful and meaningful; Haug
holds forth equally in these discussions; Heim
with his stimulating ideas, generates enthusiasm.
And everyone else joins in the discussions.

At last the good Doctor Horne, knowing that
during the day I have prepared some poor couplets
to the glory of the Moine Thrust, asks me to recite
them. So was born the Chanson du Moine Thrust.
When I returned home several of my friends asked
me to publish this ditty. Some of the verses were
very weak and I have replaced or revised some of
the couplets. This is the second edition of this
memory of our excursion. Please forgive me as
you have forgiven me many other things! I have
also written the music. Miss J. Pfender has helped
me prepare this accompaniment.

S a n t i s N-W

A l p s
Jungfrau

A a r m
a s s i v

A s s y n t

Glencoul

Minch

Alb. Heim

S-E

M

urtschenstock

N. W . - H i g h l a n d s  o f   S c o t l a n d

Fig. 4. Heim’s concept of the relationships between a NW Highlands basement and an Alpine superstructure in a typical
Mountain Chain (redrawn from Heim’s 1912 black and white sketch). In this diagram Heim is suggesting that the
Lewisian basement and its upthrust slices are equivalent to the Variscan basement and the crystalline massifs of
the Alps, and like the Alpine basement with its overlying superstructure of overfolded and thrust nappes of Permian,
Mesozoic and Cenozoic sediments, the Lewisian basement would have been covered originally by a �30 km
superstructure of overfolded and thrust Moinian/Torridonian, Dalradian (?) and Cambro-Ordovician sediments,
responsible for the garnet/kyanite grade (amphibolite facies) metamorphism seen in the Moinian pelites and psammites
to the east of the Moine Thrust (cf. Soper & Barber 1982, fig. 5b). The colours are those used conventionally in European
geology of the period: red/pink for crystalline basement; dark green for basic dykes; yellow for Moinian; orange
for Permian; blue for Jurassic; pale green for Cretaceous and pale yellow for Cenozoic flysch.
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Brief biographies of the participants

in the 1912 excursion

In preparing these biographies use has been made
of Sarjeant (1980) and the references therein, obitu-
ary notices included in Presidential addresses of the
Geological Society of London, the Proceedings of
the Geological Society of London, the Transactions
of the Royal Society, the histories of the British
(Flett 1937; Bailey 1952), Scottish (Wilson 1977)
and Irish Geological Surveys (Herries Davies
1995) and Dryburgh et al. (1995). The biographies
of the participants are given in the order in which
they were listed (as above) by Heim (1912).

B. N. Peach (1842–1926)

Benjamin Neave Peach gained the attention of
Murchison, Director of the Geological Survey
through his father, a Coast Guard Officer stationed
in Caithness, who first found fossils in the Durness
Group, and set in train the Highland controversy
(Bailey 1926). Murchison recommended Ben
Peach to the Royal School of Mines and then to
the Geological Survey which he joined in 1862.
Initially Peach assisted John Salter, Survey Palaeon-
tologist, in the identification of fossils and then
traced Highland glacial erratics across the Lammer-
muirs (Horne 1926a, b). In 1867 Peach was joined
by John Horne, who was attached to him for train-
ing, beginning a 60-year long association. It was
the custom in the Scottish Survey to work in the
Southern Uplands in the winter and in the Highlands
in the summer, until the beginning of the stalking
season. In the Southern Uplands, Peach and Horne
began revision of the original mapping following
Lapworth’s interpretation of the structure, based
on the use of graptolites as zonal indicators. Work
in the NW Highlands commenced in 1883 with a
field team consisting of Gunn, Clough, Cadell,
Greenly and Hinxman under Peach’s supervision,
in an attempt to resolve the Highland controversy.
Lapworth had proposed that the ‘Secret of the High-
lands’ was the importance of thrust structures. At
first Peach and Horne were sceptical, and at the
end of the first field season in Durness, based on
the Sangomore section, were convinced that there
was a conformable succession (Greenly 1928). In
the following year, mapping the Heilim section on
Loch Eriboll, where Lapworth demonstrated that
the Cambrian succession was repeated by large
numbers of minor thrusts, they were convinced
that Lapworth’s interpretation was correct. With
the acceptance of the importance of thrust tectonics
by the ‘Investigator Twins’ the Highland contro-
versy was laid to rest. According to Greenly
(1928), Peach and Horne discussed their problems

‘freely and disagreed vigorously’; the part that
each of them played in their conclusions ‘cannot
be disentangled – not even by themselves’. After
carrying out surveys in many areas of Scotland
Peach retired from the Geological Survey in 1905
but continued his palaeontological work and
joined in many publications with John Horne.

Peach was a master mapper and a master of con-
versation, but was not a good public speaker, except
in the field, and according to Bailey (1926) could
‘scarcely bring himself to write or read’. He had a
youthful buoyancy of spirit, a brilliant imagination,
far-sighted vision, and was a constant stimulus to
everyone who worked with him. He was a rapid
worker, ‘arriving at conclusions almost before he
had finished collecting the evidence’ (Flett 1929).
He was elected F. R. S. in 1892, received medals
and prizes from the Geological Society, and was
awarded an honorary Doctorate by the University
of Edinburgh. By the time he retired in 1905
Peach had reached a dominating position in Scottish
geological thought.

John Horne (1848–1928)

John Horne attended the University of Glasgow,
but as was common at the time never graduated.
In 1867, at the age of 19 he joined the Scottish
Geological Survey where he was attached as a
trainee to Ben Peach. Thus began ‘the most beauti-
ful and fruitful collaboration recorded in British
Geology’ (Gregory 1929). Horne was a ‘neat
mapper’, and organized the programme of fieldwork
in the NW Highlands, and on the completion of the
mapping played the major part in the compilation of
the NW Highlands memoir. According to Flett
(1929), Horne had ‘a judicial mind, who could
bring into one focus converging rays of evidence
from a broad field, and who arrived at no conclu-
sions till all the facts had been given their proper
weight’. Peach and Horne formed a perfect comp-
lement in which the ‘imagination and profound
speculations of Peach were balanced by the sound
judgement and clear logical deductions of Horne’.

In 1901 Horne was appointed as Assistant
Director of the Survey in Edinburgh, retiring in
1911. He presided over the Geological Section
of the British Association meeting in Glasgow
in 1911. He was President of the Royal Society
of Edinburgh, the Royal Scottish Geographical
Society and the Geological Societies of Edinburgh
and Glasgow. In 1900 he was elected FRS and
received honorary doctorates from three Scottish
Universities. In retirement, together with Peach,
he worked on a geology of Scotland which they
found difficult to complete, because of differences
in interpretation. After Horne’s death in 1928
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the completed chapters were published posthu-
mously as Chapters on the Geology of Scotland
(Peach & Horne 1930). Horne’s obituarists mou-
rned the loss of the ‘leader of the Scottish geological
world’ (Gregory 1929), ‘beloved as a man and
reputed as a geologist’ (Flett 1929; Campbell 1930).

Professor C. Barrois (1851–1939)

At the time of the BA Field Excursion Charles
Eugène Barrois was Professor at the University of
Lille, France, had broad interests in geology, with
contributions to stratigraphy, structural geology,
economic geology and vertebrate palaeontology.
He worked on the Cretaceous stratigraphy of North-
ern France and the Isle of Wight and developed a
zonal scheme for the Upper Cretaceous (Chalk) of
France, England and Ireland. In the 1870s he
worked on the stratigraphy and structure of Gali-
cia, the Asturias and NW Spain. In 1876 he com-
menced his major work – the compilation of 21
geological map sheets covering Brittany and adja-
cent regions for the Carte Géologique de France.
A major discovery was the unconformity in the Pro-
terozoic Brioverian rocks of Brittany. In 1902 he
became Director of the Institute of Geology at the
University of Lille. At Lille he established a Coal
Museum and worked on the coal basins of the neigh-
bouring area and on the Palaeozoic rocks of the
Boulonnais (Bailey 1940; Pruvost 1940).

Dr. E. Tietze (1845–1931)

Emil Ernst August Tietze joined the Austrian Geo-
logical Survey in 1870 and worked on primary
mapping in Galicia, the Carpathians, Bosnia-
Herzgovina and Montenegro, all at that time part
of the Austro–Hungarian Empire. He also worked
on the Elburz Mountains and wrote a treatise on
the mineral deposits of Persia. He was appointed
Chief Geologist of the Survey in 1885, Vice Direc-
tor in 1901 and was Director from 1902 until his
retirement in 1918. He was elected President of
the Geographical Society of Vienna (1900–1907)
and in 1903 was President of the 9th International
Geological Congress held in Vienna. His published
work was on Aptian ammonites and karst topogra-
phy and in 1879 he strongly advocated an organic
origin for petroleum. He believed in thorough field
investigation and ‘deplored the more speculative
aspects of geology’ (Garwood 1932). He was a
Foreign Correspondent (1903) and a Foreign
Member of the Geological Society (1907).

Dr. H. Reusch (1852–1922)

Hans Henrik Reusch graduated from the University
of Oslo and in 1875 was appointed as an Assistant

in the Norwegian Geological Survey. He was the
first to find fossils in the schistose rocks of the
Bergen District, demonstrating their Palaeozoic
age. He travelled widely over the length and bre-
adth of Norway and produced many of the maps,
memoirs and yearbooks published by the Survey,
becoming Director of the Survey in 1888 and retiring
in 1921. In 1905 he was one of the founders of the
Norwegian Geological and Geographical Societies,
and founded the natural science journal Naturen,
which was influential in popularizing science in
Scandinavian countries. He was a Foreign Corre-
spondent of the Geological Society (1889), a recipi-
ent of the Lyell Medal (1895) and was elected a
Foreign Member in 1897. He was also awarded a
D.Sc. by the University of Oxford. He was killed
while attempting to board a moving train on his
way to attend a meeting of the Norwegian Geological
Society (Harker 1923).

Professor M. Lugeon (1870–1953)

Maurice Lugeon was born in France but settled
in Switzerland in 1876. When he was a teenager
he accompanied a surveyor who was preparing
the 1:80 000 geological map of the Pre-Alps of the
Chablais area and started to write papers on the
geology. He graduated to carrying the rucksack of
Renevier, Professor of Geology at the University
of Lausanne, who was the Chief Surveyor of the
Chablais area (Bailey 1954). By the time of the
1912 Excursion Lugeon was himself Professor of
Geology at Lausanne. He published extensively on
the stratigraphy, structural geology and geomor-
phology of the Alps, the Tatra Mountains and the
Carpathians. He established for the first time the
detailed relationships between the recumbent folds
and thrusts in the nappe structures of the Alps in
his memoir Les grandes nappes de recouverement
des Alpes de Chablais et de la Suisse (Lugeon
1902), virtually founding the science of tectonics.
During the 1912 BA excursion he wrote La
chanson du Moine Thrust (see Appendix 1) which
was sung by the assembled participants on the last
night of the excursion.

Professor E. Haug (1861–1927)

Emil Gustave Haug was a French palaeontogist and
stratigrapher who worked on the Jurassic rocks
of the Bas Rhin, Alsace, and particularly on their
ammonites and also on the evolution of the gonia-
tites. He published extensively on ammonites and
the geology of the French Alps. He was reputedly
a superb lecturer. At the time of the 1912 excursion
he was Professor of Geology in the University
of Strasbourg (1885–1917) but moved to the
Sorbonne, Paris in 1917. In 1902 he was President

A. J. BARBER36



of the French Geological Society. He published
memoirs in palaeontology and in his Traite de
Géologie (Haug 1907–1911) he undertook a comp-
rehensive account, in three volumes, of the science
of geology as it was understood at the time, empha-
sizing the control of tectonics on facies and fauna,
and elaborating the then ‘modern’ concept of the
geosyncline (Bather 1928).

Professor C. Leith (1875–1956)

Charles Kenneth Leith was an economic and struc-
tural geologist and an igneous and metamorphic
petrologist. He worked initially as an assistant geol-
ogist in the US Geological Survey (1900–1905), on
the Appalachian Mountains and on the Precambrian,
which led to the publication of an influential work
Rock Cleavage (Leith 1905). He joined the Univer-
sity of Wisconsin, Madison (1902–1956), as Assist-
ant Professor, and then as Professor of Geology. With
C. R. van Hise he published a U.S.G.S. Monograph
The Geology of the Lake Superior Region (Van
Hise & Leith 1911), which includes an account of
the iron ores. The 1912 excursion was his first visit
to Britain and on later visits he referred with pleasure
to ‘a memorable excursion with Peach and Horne to
the Scottish Highlands in 1912’ (Davidson 1957). He
subsequently published a textbook on Structural
Geology (Leith 1913) and then with W. J. Mead
on Metamorphic Geology (Leith & Mead 1915).
During both World Wars he acted as advisor to the
Presidents of the United States on mineral resources,
and in 1919 in this capacity, he accompanied
President Wilson to the armistice talks at Versailles.
In the Second World War he was a member of the
Atomic Energy Commission, advising on uranium
resources. He became President of the Geological
Society of America (1933).

Dr. A. Heim (1849–1937)

Albert Heim was Professor of Geology at Zürich
Polytechnic and the University of Zürich. He had
been appointed to both these positions in his
early twenties in succession to his teacher, Arnold
Escher von der Linth, who was the first to recognize
the importance of overfolds in understanding the
structure of the Alps. Heim retired from both of
these positions in 1911, and at the time of the
Assynt Excursion was the President of the Geologi-
cal Commission of Switzerland (1894–1926). His
treatise Mechanismus der Gebirgsbildung (Heim
1878), established Heim as the leading tectonician
of his age. In this work, he followed von der Linth
in describing the famous Glarus fold as a ‘double-
fold’ structure. This interpretation was later shown
to be erroneous by Bertrand (1884), who interpreted
it as a single northward-directed recumbent fold

nappe structure. Heim was persuaded to accept
this interpretation by his student, Lugeon (1902),
hence the cryptic reference to Lugeon in Heim’s
vote of thanks to Peach and Horne at Inchnadamph.
Heim’s acceptance of the ‘nappe’ concept, and his
suggestion that the underlying thrust represented
the sheared-out inverted limb of the overfold, have
influenced the interpretation of mountain belts
throughout the world ever since. In retirement
Heim published a monumental work on the Geolo-
gie der Schweiz (Heim 1921), ‘by far the finest
national geology that has yet been produced’
(Collet 1938; Bailey 1939).

P. Pruvost (1890–1967)

Pierre Eugène Marie Joseph Pruvost was Assistant
to Professor Barrois at the University of Lille at
the time of the Assynt excursion. Subsequently
he became Preparator at the University’s Coal
Museum. He worked on economic geology, strati-
graphy, sedimentology and palaeontology in the
North French Coalfield and the coal basins of
eastern France, and on the origin of coal and pub-
lished a classic mémoire of the Carte Geologique
de France on Carboniferous non-marine inverteb-
rates and fishes (Pruvost 1919). In 1922 he was
appointed to the Chair of Applied Geology at
Lille. He was introduced to the geology of Brittany
and Normandy by Barrois, who was revising the geo-
logical sheets for the Carte Geologique de France.
In 1926 he succeeded Barrois as Professor of Geo-
logy and Mineralogy. In 1948 he became Adminis-
trator of the Coal Basin of Lorraine until his death.
In 1950 he became Professor of Geology at the
Sorbonne, Paris, retiring in 1960. He was founder
and President of the International Congress of
Carboniferous Geology and Stratigraphy and Presi-
dent of the Subcommission for the Lexicon of Stra-
tigraphy for the International Geological Congress.

He was an inspiring teacher and by the time of
his death was regarded as the leader of French
geology. He became President of the Geological
Society of France, was a member of the French
Academy of Sciences and was awarded the Légion
d’Honneur in 1949. He was noted for his wisdom,
gaiety and a winning smile. His funeral was
attended by 1000 people (Stubblefield 1968)!

Madame Dr. E. Jérémine (1879–1964)

Elisabeth Jérémine (née Tschernaieff) was a
Russian petrologist who graduated and worked as
an Assistant in St Petersburg. She joined an
expedition to the Kola Peninsula led by Loewin-
son–Lessing and worked on the specimens specia-
lizing in the description of rocks in thin section,
initially under the guidance of Michel–Levy. She
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then studied for her Ph.D. with Lugeon in Lausanne,
publishing her thesis on the Bassins fermés des
Préalpes suisses (Jérémine 1911). In 1917, after
the Russian revolution she emigrated to France
and worked with Haug at the Sorbonne and then in
the Paris Museum on rocks and meteorites sent for
identification from all over the world. When
Pruvost moved to the Sorbonne she worked with
him on descriptions of volcanic and metamorphic
rocks from Normandy and Brittany for the Carte
Géologique de France (Orcel 1965).

A. Strahan (1852–1928)

Aubrey Strahan graduated from Cambridge in 1875
and immediately joined the Geological Survey
where he worked on mapping coalfields, in North
and South Wales, in Nuneaton on the concealed coal-
fields of England, and on the geology of the Isle of
Wight. At the time of the 1912 excursion he was
well established in his career. He was President of
the Geological Society of London (1912–1914)
and became Director of the Geological Survey of
Great Britain (1914–1920). During the First World
War he initiated a series of reports on the mineral
resources of Great Britain in response to the national
need. Strahan was elected FRS and was awarded a
knighthood ab officio in 1919, as was customary at
the time, retiring in 1920 (Flett 1928; Thomas 1929).

Professor Reynolds (1867–1949)

Sidney Hugh Reynolds was a zoologist, stratigra-
pher and a vertebrate palaeontologist who taught
geology and zoology at the University of Bristol.
He started work on the igneous rocks of SW
Ireland and then SW England, where he developed
an interest in the Carboniferous. He is well known
for his work on the Lower Carboniferous stratigra-
phy of the Bristol district and the Forest of Dean.
He also investigated the granites of SW Scotland
and wrote textbooks on zoology and Pleistocene
mammals. He was appointed to the Professorship
of Geology at Bristol in 1910 (Trueman 1950).

Reynolds was a keen photographer, preparing
large numbers of geological prints and lantern slides
for teaching purposes. He also photographed the
participants on the 1912 BA Excursion to Assynt
(Fig. 2). He became secretary of the BA Photograph
Committee from 1910–1947, presenting large
numbers of prints to the collection (Wallis 1950).

Professor W. Boulton (1867–1954)

William Savage Boulton was appointed Demonstra-
tor and Assistant Lecturer at Birmingham Univer-
sity under Professor Lapworth in 1887 before he
moved to the University of Wales, Cardiff in 1904

as Professor of Geology. In his teaching he empha-
sized the importance of field observations and geo-
logical mapping. His work on the coalfields of
South Wales and the East Midlands led to the pub-
lication of a six-volume textbook on Practical Coal
Mining (1907). He succeeded Lapworth in the Pro-
fessorship at the University of Birmingham in 1913
and worked on the hydrogeology of the Trias in the
Midlands and the Chalk in southern England,
becoming the foremost authority on underground
water. He continued consulting after retirement
and advised on the siting of dams and reservoirs
(Wills 1955).

T. J. Jehu (1871–1943)

Thomas John Jehu graduated in 1902 in Natural
Science and Medicine at Edinburgh and then gradu-
ated in Geology at Cambridge. He was appointed to
a lectureship at St. Andrew’s in 1903. He was the first
to find Upper Cambrian fossils in the Highland
Border Series (Jehu 1912). In 1914 he was appointed
to the Professorship of Geology at the University of
Edinburgh. During the vacations he worked on the
Torridonian and Lewisian rocks of Iona and in the
Outer Hebrides, making the first detailed geological
maps of these islands. A notable discovery was the
‘flinty crush’ rock (pseudotachylite) along the
Outer Isles Thrust (Jehu & Craig 1923). He was
elected to the Royal Society of Edinburgh in 1906
and was President of the Geological Society of Edin-
burgh (1917–1918) (Campbell 1944).

J. D. Falconer (1876–1947)

John Downie Falconer was an assistant to James
Geikie, Professor of Geology at the University
of Edinburgh. After graduation he was appointed
by the Colonial Office as Principal of the Mineral
Survey of the Northern Nigerian Protectorate
(1905–1911). He published an account of the
Geology and Geography of Northern Nigeria
(Falconer 1911) and was invited to take up the
Professorship in Geography at the University of
Glasgow (1911–1916). During the First World
War he was recalled to Nigeria as Assistant District
Officer, and when the Geological Survey of Nigeria
was established in 1919, he was appointed as its first
Director. He worked extensively on the economic
resources of Nigeria, especially on the tin fields.
On his retirement in 1927 he became geologist to
the Uruguayan Government until his final retire-
ment in 1934 (Campbell 1947).

A. Gilligan (1874–1939)

Albert Gilligan was appointed as a Demonstrator in
the University of Leeds in 1908, becoming an
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Assistant Lecturer in 1910, Lecturer in Economic
Geology in 1917, Reader in Petrology in 1920 and
Professor in Geology in 1922. He was a sedimentol-
ogist and stratigrapher working on the Carboni-
ferous rocks of Yorkshire. He developed the
techniques of heavy mineral analysis and made a
study of the Millstone Grit and reconstructed the
palaeogeography of Millstone Grit times. He was
a great supporter of the scientific societies in York-
shire serving on the Council of the Geological
Society of Yorkshire for many years, becoming its
President in 1929. He was a commanding and
vivid lecturer and made field geology an exciting
adventure. He was particularly popular in the
mining community and gained many recruits to
geology. He died shortly after his retirement in
1939 (Hudson 1940a, b).

W. F. P. McLintock (1887–1960)

William Francis Porter McLintock, after graduating
from the University of Edinburgh, was successful in
the examination for the post of Assistant Curator
in the Museum of Practical Geology in London. In
1911 he transferred to the Royal Scottish Museum
in Edinburgh as Curator of gemstones and minerals,
where he worked on the zeolites in the Cenozoic
volcanics on Mull and the Strathmore meteorite.
In 1921 he moved back to the Museum of Practical
Geology in London as Curator, where among other
duties, he assessed the developing techniques of
gravity and magnetic surveying. After 1930 he
was much involved in planning the move of the
Museum from Jermyn Street to South Kensington,
ready for the opening in 1935. He became Acting
Director of the Survey in 1936, pending the appoint-
ment of E. B. Bailey. During the Second World
War he worked in the Atomic Energy Division
of the Survey (1939–1945) and after the war in
1946, he was appointed Director of the Geological
Survey, retiring in 1950 (Phemister 1960).

E. M. Anderson (1877–1960)

Ernest Masson Anderson joined the Geological
Survey in 1903. In 1916 he volunteered for the
Highland Light Infantry, was transferred to the
Royal Engineers and was wounded in France,
rejoining the Survey in 1917 (MacGregor 1961).
He worked on the Lewisian, Moinian, Torridonian,
Old Red Sandstone, Carboniferous and Cenozoic
rocks of Ross, Inverness, Iona, Caithness and the
Midland Valley of Scotland. He was much influ-
enced by C. T. Clough, recording lineations in
metamorphic rocks which he interpreted as indicat-
ing the shear direction, contrary to the orthodoxy of
the time. He became a Senior Geologist in 1922, and
in the same year was elected a Fellow of the Royal

Society of Edinburgh and was awarded a D.Sc. by
the University of Edinburgh. He retired on health
grounds in 1928 but continued to do useful indoor
work on a part-time basis. He is best known for
his dynamic explanations for the origin of ring
dykes and cone sheets and for the analysis of
faults, as explained in his book The Dynamics of
Faulting and Dyke Formation (Anderson 1942).

E. B. Bailey (1881–1965)

Edward Battersby Bailey joined the Scottish Geo-
logical Survey in 1902 and worked on the igneous
and metamorphic rocks of the Scottish Highlands
and Islands. In 1915 he volunteered for service
with the Royal Engineers, was twice wounded in
France, with the loss of an eye. He was mentioned
in despatches and was awarded the Military Cross
for bravery. Later he was awarded the Croix-de
Guerre with palm and the Légion d’Honneur by
the French Government. Returning to the Survey
after the war he was the main contributor to the
memoir on the Tertiary Igneous Complexes of
Mull (Bailey et al. 1924). He is best known for his
work on the Dalradian in the Fort William area,
where he first applied ‘way-up’ evidence to eluci-
date the stratigraphy and structure. He later
became Professor of Geology at the University
of Glasgow (1929–1939). Together with his col-
leagues he published the well regarded Introduction
to Geology (Bailey et al. 1939) and an influential
account of the Ankara Mélange in Turkey
(Bailey & McCallien 1953). He was appointed to
the Directorship of the Geological Survey in 1937
and was awarded a knighthood on his retirement
in 1945. In retirement he wrote a history of the Geo-
logical Survey (Bailey 1952), James Hutton – the
Founder of Geology (Bailey 1967), and Tectonic
Essays mainly Alpine (Bailey 1935, 1968). He was
the subject of obituaries by Richey & Watson
(1965) and Stubblefield (1965).

C. B. Crampton (1871–1920)

Cecil Burleigh Crampton was appointed to the Geo-
logical Survey in Edinburgh in 1900 as a Temporary
Assistant Geologist and was promoted to Geologist
1901. He had a particular interest in palaeontology
and the relationships between geology and floras.
He worked in the Midland Valley of Scotland, in
the Glasgow area and in Caithness. In 1910 he
reported the discovery of the Carn Chuinnneag-
Inchbae hornfelses which have become important
in dating the metamorphic and structural history of
the Moine Schists (Peach et al. 1912). In 1914 he
published The Geology of Caithness (Crampton &
Carruthers 1914). He retired from the Survey
in 1914.
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C. H. Dinham (1883–1955)

Charles Hawker Dinham, stratigrapher, structural
and economic geologist and hydrogeologist, joined
the Geological Survey in Edinburgh in 1910. He
worked on the metamorphic rocks of Sutherland
and on the coalfields of the Midland Valley of
Scotland. He was noted for his meticulous 6-inch
geological mapping, being considered second only
to C. T. Clough. During the First World War he
worked on mineral resources. In 1920 he was
transferred to the Newcastle Office of the Survey,
working in NE England for a few years. In 1922
he returned to Scotland as District Geologist respon-
sible for the Fife and Kinross coalfield. In 1927 he
was transferred to England to take charge of the
Midland and Cambridge Unit. During the Second
World War (1939–1945) he worked on the water
supply of East Anglia. He continued working at the
Geological Survey until 1953, when at ‘the age of
70 . . . Civil Service Regulations no longer allowed
him to draw a salary’ (Eyles 1955). He continued
to come to the Survey offices until the day of his
death (Peter Sabine, pers. comm. 2008).

G. V. Wilson (1886–1960)

George Victor Wilson joined the Geological Survey
in England as a Geologist in 1911, worked on
mineral resources in the First World War, and was
promoted to Senior Geologist in 1922. In 1926 he
was transferred to the Scottish Survey and worked
on the Carboniferous rocks of Ayrshire, the
igneous ring complexes of Mull, together with
J. E. Richey, E. B. Bailey and E. M. Anderson,
and on completing the mapping of Sutherland. In
1928 he was appointed District Geologist respon-
sible for the work in the Orkneys and the Shetlands,
publishing The Geology of the Orkneys (Wilson
et al. 1935). Later survey work on North Skye was
interrupted when he returned to work on mineral
resources during the Second World War. He
retired early due to poor health (Wilson 1977).

G. W. Lee (1880–1928)

Gabriel Warton Lee was educated in Geneva and
in 1905 joined the staff of Sir John Murray
working on material which had been recovered
from the oceans during the Challenger Expedition.
In 1907 he was invited to join the Geological
Survey of Scotland as Senior Geologist in charge
of the Palaeontology Department, where he deter-
mined fossils collected from natural sections and
boreholes. He also contributed to the Edinburgh,
Glasgow, East Lothian, North Ayrshire, Mull,
Golspie and Ardnamurchan memoirs. As the result
of this work he gained an unrivalled knowledge of

the Cambrian, Carboniferous and Mesozoic faunas
of Scotland. In 1911 Lee was seconded to the Irish
Geological Survey to assist in the identification
of the base of the Carboniferous in Ireland at
Bundoran. During the First World War he worked
on the Jurassic ironstones of Raasay. He also
mapped in Mull, Applecross, Skye, Mull, Loch
Aline and Oban and contributed to accounts of the
Mesozoic rocks in the memoirs for these areas. In
addition to his official work he described and deter-
mined fossil faunas brought back from expeditions
to the Arctic (Anon 1929).

M. Macgregor (1884–1966)

Murray Macgregor joined the Geological Survey in
1909 and worked in Sutherland, Perthshire and in
the Central Coalfield of Scotland until 1914. He
was found unfit for military service and devoted
his energies entirely to the study of economic
mineral deposits. He became District Geologist for
both Highland and Lowland work in Scotland in
1919. He was elected to the Fellowship of the
Royal Society of Edinburgh in 1922. In 1925 he
was appointed Assistant Director responsible for
Scotland and the Newcastle District. During his
career he became ‘the acknowledged expert on the
Carboniferous stratigraphy of Scotland’ (Wilson
1977), reviewed in his Presidential Address to the
Geological Society of Glasgow (Macgregor 1931).
He was also President of the Geological Society
of Edinburgh (1936–1938) and Vice President of
the Geological Society of London (1945–1946).
He was Editor of the Transactions of the Geological
Society of Glasgow from 1937 to 1958. The 1912
excursion to Assynt evidently made a lasting
impression on him as many years later he pub-
lished A Geological Guide to the Assynt District
(Macgregor & Phemister 1937). During the
Second World War (1939–1945) he again concen-
trated on Scottish mineral resources. In 1947 he
was President of Section C of the BA Meeting in
Glasgow. In 1944 he was awarded the Clough
Medal. In 1948 he was appointed Divisional Geol-
ogist to the Scottish National Coal Board, retiring
in 1957. After his death he was described as ‘Scot-
land’s most eminent coal geologist’, ‘greatly loved
and respected in Scottish mining and geological
circles (MacGregor 1967).

J. E. Richey (1886–1968)

James Ernest Richey graduated from Trinity
College Dublin in 1908 and was briefly a Demon-
strator at Oxford before joining the Geological
Survey in 1911. Initially he worked in the Midland
Valley of Scotland and the Southern Uplands on
the control of faulting on sedimentation. He also
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worked on the igneous rocks of Mull including the
Loch Ba ring complex. He joined the Royal Engin-
eers in France in 1914, with the Guards Division,
where he was wounded and awarded the Military
Cross. After the war he mapped Ardnamurchan
(1920–1930), delineating three overlapping ring
complexes and describing the construction of a
major shield volcano He became District Geologist
in 1925, and from 1925 to 1935, during his annual
leave, he worked in Ireland on the Mourne Moun-
tains and Slieve Gullion, which he interpreted as
due to cauldron subsidence, ring intrusion and roof
intrusions. Between 1930 and 1932 he worked on
the Cuillins in the island of Skye. He was elected
a Fellow of the Royal Society of Edinburgh in
1927 and a Fellow of the Royal Society in 1938.
By the time of his retirement in 1946 he had
become the ‘foremost authority on igneous ring
complexes of Scotland and Ireland’. After retire-
ment he acted as a Consultant, was a part-time lec-
turer in Dundee and General Secretary of the
Royal Society of Edinburgh (1946–1956). With
W. Q. Kennedy he worked on the Moine Schists
and the Lewisian inlier of Morar establishing the
first stratigraphic sequence in the Moines using
way-up criteria (1939) and with A. G. MacGregor
and E. M. Anderson, published the regional
guide to The Tertiary Volcanic Districts (Richey
et al. 1961), see also obituary for Richey by
MacGregor (1969). He became President of the
Geological Societies of both Glasgow (1929–
1932) and Edinburgh (1946–1948). He was Presi-
dent of Section C at the BA meeting in Glasgow
in 1952 and was awarded the Clough Medal in
1964 (MacGregor 1969).

W. B. Wright (1876–1939)

William Bourke Wright graduated from Trinity
College, Dublin and joined the Irish Geological
Survey, transferring to the Geological Survey of
England and Wales in 1904 and then to the Geologi-
cal Survey of Scotland in 1906 where he worked on
the Mull ring complexes with E. B. Bailey under the
direction of C. T. Clough (Jones 1940). In 1910 he
returned to the Irish Geological Survey, where he
worked closely with the part-time Director, Gren-
ville Cole who was also a Professor at the Royal
College of Science for Ireland. From 1911 to 1913
he was engaged in a drift-mapping survey of the
Killarney and Kenmare districts (Herries Davies
1995). From this work on drift deposits he devel-
oped an interest in glaciation and published The
Quaternary Ice Age (Wright 1914). In 1914 he
was promoted to Senior Geologist. He commenced
a revision of the map of the Ballycastle Coalfield,
carried out the first geophysical survey in Ireland
on iron ores to the SW of Wicklow, and developed

a project for the exploration of concealed coalfields.
After Ireland gained its independence in 1921 he
returned to the British Geological Survey as District
Geologist in the Manchester office, responsible for
the South Lancashire Coalfield. Wright was one of
the few British supporters of Wegener’s theory
of continental drift.

C. Johns (1866–1951)

Cosmo Johns was educated at the Royal Institution
of South Wales, Swansea and was apprenticed to
Sir William Siemens in the workshops and draw-
ing offices of the Landore Steel Works, Swansea.
He held positions of responsibility in the melting
shop and rolling mills before becoming Works
Manager at the Albion Steel works Briton Ferry.
In 1897 he joined Vickers as Melting Shop
Manager in Sheffield. On behalf of the company
he travelled widely to India, Spain, Japan and
Romania. He became an enthusiastic amateur geol-
ogist, serving on the Council of the Geological
Survey of Yorkshire and studying the Carboniferous
rocks of the Malham and Skipton areas of York-
shire. At the time of the 1912 BA Excursion he
was a Lecturer in Mechanical Engineering at Shef-
field. After the First World War in 1918 he was
sent as the representative from Sheffield to report
on the state of the iron and steel industry in the
Allied occupied territories in Germany. He acted
as a consultant, reorganizing an ordnance factory
in Spain and advising on steel forgings for naval
guns in Hokkaido, Japan. He was a founder
Fellow of the Institute of Physics and a Fellow of
the Geological Society (Anon. 1952).

A. W. R. Don (1890–1916)

Archibald William Robertson Don graduated with a
First Class degree in the Natural Science Tripos,
including geology, from Trinity College Cam-
bridge, in June 1912. He attended the BA meeting
in Dundee, where he presented a paper on the
problematical Old Red Sandstone fossil Parka dec-
ipiens. He also arranged a field excursion to Hugh
Miller’s classic Devonian fish locality at Dura
Den, hiring workmen to re-excavate the quarry.
According to Tressilian Nicholas, a fellow graduate
from Trinity, he was a ‘live wire’ and responded
to the wishes expressed by foreign delegates at the
meeting to visit the classic localities on the Moine
Thrust in Assynt under the guidance of Peach
and Horne, by organizing the field excursion and
accommodation at the Inchnadamph Hotel (Ross
2002). Subsequently he undertook courses in medi-
cine and on the outbreak of war manned a field
dressing station in Flanders. Dissatisfied with the
long periods of inactivity, he volunteered for active
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service and was commissioned in the Black Watch.
After a few months in the trenches in Flanders his
unit was transferred to the Bulgarian Front, to the
north of Salonika. Here he contracted malaria and
died in hospital in September 1916 (Appendix 2).

T. C. Nicholas (1888–1989)

Tressilian Charles Nicholas was an invertebrate
palaeontologist and stratigrapher who worked on
the Cambrian rocks of St. Tudwal’s Peninsula in
North Wales and on Cambrian and Ordovician tri-
lobites. In 1912 he was elected a Fellow of Trinity
College, University of Cambridge. In 1914 he vol-
unteered for the Royal Engineers and served as a
surveyor in Gallipoli, Egypt, Belgium and France
being awarded an O.B.E. and a Military Cross. In
1919 he was re-elected to a Fellowship at Trinity
and appointed to a Lectureship at Cambridge,
where he gave lectures on Mesozoic and Cenozoic
stratigraphy and on the structure of the Alps. He
continued research on the Lower Palaeozoic of
North Wales and the Lake District and was made
responsible for the Sedgwick Museum. In 1929 he
was appointed Senior Bursar at Trinity, where he
continued as an administrator until his retirement
in 1956 (Arber 1990).

Appendix 1

La Chanson du Moine Thrust

La Chanson du Moine Thrust (Fig. 5a–c), with words and

music by Professor Maurice Lugeon, was written during

the BA Field Excursion to Assynt and was sung by the par-

ticipants in the Inchnadamph Hotel on the last evening of

the excursion. It was revised and published in Lausanne

in the following year (Lugeon 1913). The Chanson can

be read as a European protest against British 19th

century imperialism!

The translation given here is by Anne Burgess and

Dorothy Forrester (slightly modified) published in the

The Edinburgh Geologist (Ross 2002)

1

If the Moine Thrust, when it rose from its roots,
Would you believe it?
Had wanted to sail over the sea
Or leap over the land,
What horst could have hindered it?
It would have filled the Atlantic,
If the Moine Thrust had wanted,
Would you believe it?
It could have smothered America!

2

If the Moine Thrust had wanted
Would you believe it?

To turn Britanny into a tectonic window,
And cover the mountains of France,
Barrois would have been baffled
And Haug would have been delighted
If the Moine Thrust had wanted,
Would you believe it?
So thrilling a story.

3

If the Moine Thrust had wanted
Would you believe it?
To cover the Glaron nappes
And so put Heim at his ease,
We would have seen fold upon fold
What a mechanism, my friends!
Then continuing on its arrogant way
If the Moine Thrust had wanted,
Would you believe it?
It would cover the whole of the Earth.

4

If the Moine Thrust had wanted,
Would you believe it?
To pursue its march with fury
To pounce upon Austria and Bosnia,
It would lie on the black Balkans,
And Tietze would be exhausted,
His K.K. would have had too much to do,
If the Moine Thrust had wanted
To seize Austria from behind!

5

If the Moine Thrust had wanted,
Would you believe it?
To flatten everything in its path,
To carry Sweden to the banks of the Tagus,
Switzerland to the banks of the Neva.
Russia to the Himalayas,
And put China in Germany’s place.
If the Moine Thrust had wanted,
Would you believe it?
Great Britain would have been everywhere.

6

If the Moine Thrust had wanted,
Would you believe it?
It could have climbed up to the stars
For, accompanied by the sails
Of every British Ship.
Who then would have dared to stop this
Vast eruption of the Earth?
If the Moine Thrust had wanted,
Would you believe it?
The moon would be Scottish.

7

But the Moine did not want,
Would you believe it?
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To embark on such a distant journey
For Peach with his bulk
Was a little too heavy to carry.
The Moine preferred to stop,

Not wanting to pass its limits
And the Moine did not want,
Would you believe it?
To upset the good Doctor Horne.

Fig. 5. (a), (b) and (c). La Chanson du Moine Thrust by Maurice Lugeon (1913).
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Fig. 5. Continued.
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Fig. 5. Continued.
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8

No the Moine did not want,
Would you believe it?
To leave the fair land of Scotland,
To seek confrontation
With ancient unknown horsts.
It would have arrived naked,
Having lost all its ‘pipes’ on the way
No the Moine did not want,
Would you believe it?
To lose a drop of its good whisky.

9

No the Moine did not want,
To leave its land of peat bogs,
And carry its fine rocks far away,
And we were able to admire it,
And can depart
With pride in our step.
No the Moine did not want
Would you believe it?
To leave its heather moors.

Appendix 2

Archibald Don and the 1907 memoir

A copy of the 1907 memoir on the Geological Structure

of the North-West Highlands of Scotland (Peach et al.

1907) which had belonged to Professor R. A. Howie was

passed to me by Dr. Nick Walsh (Royal Holloway). The

signature of A. W. R. Don was on the inside cover. As

has been described above, Archibald Don had attended

the BA Excursion to Assynt conducted by Peach and

Horne in September 1912. In addition the volume contains

a complete set of signatures of the participants in the 1912

Excursion (except Don), mounted on the flyleaf (Fig. 3),

presumably collected by Don on the excursion.

I was intrigued to know more about the original owner

of this copy of the 1907 memoir. There were a number of

clues to his identity and history in the volume. Pasted

inside the front cover is a brown paper envelope, sent

by ‘Heim’ with a Swiss ‘William Tell’ postage stamp

franked ‘28.XI.12’ at Zürich, addressed to Archibald

Don B. A. at Trinity College, Cambridge. In response to

my e-mailed enquiry, Jonathan Smith, the archivist at

Trinity College Library replied that Archie Don ‘was one

of the best-loved students of his generation’ and that he

‘made such an impression on those that knew him’, that

a substantial memoir of his life was published in 1918. I

was able to borrow a copy of the memoir from the

British Library, and this forms the basis for the present

account. Also on the inside of the flyleaf of the 1907

memoir is the bookplate of Winchester College Natural

History Society. Suzanne Foster, archivist at Winchester,

confirmed that Don had been a pupil at Winchester, and

also referred me to the memoir of his life. I subsequently

found from this memoir that Don had bequeathed ‘Selected

Scientific Books to the Moberly Library, Winchester’. The

flyleaf is also marked in pencil with 10/6, crossed out and

replaced by 7/6! Evidently the Librarian at Winchester

decided, sometime in the 1940s or 1950s, that a book pub-

lished as long ago as 1907 must be obsolete, and passed the

NW Highlands memoir into the second-hand book market.

Since it was slow in selling, the bookseller marked it down,

little realizing how valuable this volume would become.

The brown paper envelope contains a cyclostyled pro-

gramme of the 1912 BA Excursion to Assynt, presented

to each participant, a printed version of the ‘vote of

thanks’ to the leaders of the excursion by Albert Heim,

delivered on the 17th September at Inchnadamph, signed

by Heim ‘in remembrance of Sept 1912’, a letter from

Heim to Don urging him to visit Switzerland; this was

evidently enclosed in the envelope, a sketch by Heim, on

Inchnadamph Hotel notepaper, showing his interpretation

of the profile of the Lauterbrunnen valley as the result

of alternating fluvial and glacial deepening and proving

multiple glaciation, drawn for Don’s benefit during the

excursion, and verses from the La Chanson du Moine

Thrust by Professor Lugeon, handwritten in French, at

Inchnadamph on 17 September.

As mentioned above the original owner of my copy of

the 1907 memoir, Archibald Don was so esteemed by his

contemporaries that after his death at the age of 25, a bio-

graphy, the memoir referred to above, was compiled by his

teachers, colleagues and friends: Archibald Don. A Memoir

(205 pages), edited by Charles Sayle and published by

John Murray (Sayle 1918).

Archie Don was born the fourth of five sons at

Broughty Ferry, Forfarshire, on 11th December 1890.

From his earliest years he took a keen interest in natural

history and made collections of shells and stones. In

1900 he attended a Preparatory School in Newbury, Berk-

shire, where he made and carefully mounted a collection

of the local fossils. In 1904 he went on to Winchester

College, where he joined the school’s Natural History

Society. While there he received the Headmaster’s Prize

for Natural History for his collection of Chalk fossils,

described as ‘admirable’. He also collected fossils for the

school museum on visits to Kent’s Cavern, Torquay and

Paris. In the school holidays he visited quarries to collect

samples from the Old Red Sandstone near his home in

Forfarshire and presented fragments of Pterygotus angli-

cus from Arbroath to the British Museum.

In 1909 Archie Don went up to Trinity College, Cam-

bridge, where he was admitted as a Pensioner, received an

Exhibition in 1911 and was elected a Senior Scholar in

1912. He studied Geology, Zoology and Botany for the

Natural Science Tripos. In his first year he was elected a

member of the Sedgwick Club, an unusual honour for a

freshman. At Cambridge he was taught by Dr. J. E. Marr,

later Woodwardian Professor of Geology, who was imp-

ressed by his abilities on a field excursion to the Lake Dis-

trict and in walks to examine superficial deposits around

Cambridge. Don graduated First Class as Bachelor of

Arts in June 1912. Also in 1912 he attended the meeting
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of the British Association held in September in Dundee,

where he led an excursion to Dera Dun, one of Hugh

Miller’s classic Old Red Sandstone fish localities, having

hired quarrymen to re-excavate the site. At the meeting

he presented a paper on Parka decipiens, a problematical

fossil from the Old Red Sandstone of Forfarshire. This

paper was published posthumously with George Hickling

in the Quarterly Journal of the Geological Society (Don

& Hickling 1915). The Peach and Horne excursion to

Assynt was associated with this BA meeting. He was

elected a Fellow of the Geological Society in December

1912, sponsored by T. McKenny Hughes, John Edward

Marr, E. A. Newell Arber, C. Griffith, Alfred Harker,

Herbert H. Thomas, H. A. Allen, T. G. Bonney,

J. W. Evans and W. S. Boulton.

Curiously there is no reference to Don’s attendance

at the Assynt Excursion in his biography. However,

according to ‘Tress’ Nicholas (Arber 1990) during the

BA Meeting in Dundee several foreign geologists had

expressed the wish to visit the NW Highlands to see the

structure of the Assynt District under the guidance of

Peach and Horne and Archie Don organized the excursion.

This was considered to be impossible during the stalking

season, but Archie Don was able to arrange accommo-

dation for the party at the Inchnadamph Hotel. As impecu-

nious students Nicholas and Don camped in a bell tent in

the Hotel paddock.

Evidently, the excursion did leave some impression on

Don, as in November 1912 he lectured to the Cambridge

Natural Science Club on ‘Thrusts and Overfolds’, based

on his experience in Assynt. In a letter to his father he

wrote ‘I never doubted that I was to be some sort of a geol-

ogist’. But in his final year at Trinity he reviewed the

options open to him for a career in geology: Commercial

geology; Government Survey in Britain or abroad; Teach-

ing at University (Cambridge or other); Teaching at a

school. He did not fancy hunting for ‘oil or gold in South

Siam or Burma’. The ‘miserable pay’ did not deter him

from Survey geology but he becomes ‘bored with my

own company’ in the field. Do ‘I . . . really wish to

collect stones all my life and to die leaving a few mono-

graphs behind and little else’. ‘I have met and picked the

brains of several Survey men’ – though excellent training

and a glorious way of spending the holidays, but ‘to do it

for nine months every year and not be your own master,

but the Government’s, is not good enough’. University

teaching appealed to him up to a point, ‘it would mean a

pleasant life, with long vacs to go to do Geology etc.’

but ‘even for a geologist it is a cramping life’. In the

event he decided that a career in medicine would be of

greater benefit to mankind and commenced the study of

the relevant subjects at Cambridge before transferring to

St Bartholemew’s Hospital (Barts) in 1913.

As for all of his generation Archie’s studies were over-

taken in 1914 by the First World War. He, with several of

his fellow medical students, immediately volunteered as a

Red Cross ‘dresser’ and was sent to Flanders behind the

Western Front. This involved long periods of inactivity,

and after a few months he began to feel that he should

play a more active part in the war and volunteered for

active service. On Christmas Day 1914 he was commis-

sioned into the Black Watch, 10th Battalion, as a Second

Lieutenant. Most of 1915 was spent training in England,

but in September his unit was posted to the front in Flan-

ders. After two months in the trenches, they were trans-

ferred by train to Marseilles, where the battalion boarded

a ship to Alexandria and then to Salonika in northern

Greece to occupy a position on the Bulgarian front.

After the Second Balkan War of 1913, what is now

Macedonia was divided between Serbia and Bulgaria. Bul-

garia then extended to the shores of the Aegean to the east

of Salonika (now Thessalonika). In the First World War

Greece and Serbia were allied with the Allied Powers

(Britain, France and Russia), while Bulgaria and Turkey

were allied with the Central Powers (Germany and Austro-

Hungary). Archie and his battalion of the Black Watch

were set to build a defensive line to the north of Salonika

against a possible attack from Bulgaria. Nothing much

happened on the Bulgarian front while Archie was there.

The troops played games in front of the barbed wire entan-

glements, in the area which was intended to be ‘no man’s

land’. The only excitement was the capture of some

German prisoners and the sighting of German aeroplanes

and a Zeppelin, harassed by anti-aircraft fire. However,

excavations for entrenchments yielded flint implements,

a 9ft Mammoth tusk and some rhinoceros bones, which

Archie sent back to the Sedgwick Museum in Cambridge.

From the commencement of the war, and throughout 1915

and 1916, Archie continually received news of the deaths

of his friends and contemporaries from his preparatory

school, Winchester and from Cambridge. In July 1916

Archie contracted malaria and was sent to Malta to recup-

erate. At the end of August he returned to his unit, now near

the Serbian border well to the north of Salonika. On the

1st and 2nd of September he went on a reconnaissance to

the front line. On the 3rd and 4th he complained of diar-

rhoea; on the 9th he was sent to a casualty clearing

station at the railhead, and on the 10th was sent by train

to a hospital which had been set up in Kalamaria, outside

Salonika. The train journey took eleven hours, by the

time he arrived he was very weak, and in spite of the

best efforts of the doctors, he died on the afternoon of

the 11th September 1916. Examination of his blood

showed that it was full of the malaria bacillus and that he

died of malignant malaria, rather than of dysentery, as

had been supposed.

The author is indebted to W. Cawthorne (Assistant Librar-
ian) and the staff of the Library of the Geological Society
of London for tracking down the references which have
been consulted. D. Laming was kind enough to send me
a draft of his biography of Albert Heim intended for pub-
lication in a volume on eminent geologists. R. McIntosh,
Librarian of the British Geological Survey in Edinburgh
facilitated the publication of photographs in the Survey’s
copyright and of the translation of La Chanson du Moine
Thrust in the copyright of the Geological Society of
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Edinburgh. J. Smith, archivist at Trinity College Cam-
bridge, and S. Foster, archivist at Winchester College,
kindly provided information concerning Archibald Don.
P. Sabine, the Society’s Editor, R. Law and the reviewers
D. Oldroyd and P. Smith corrected my errors and
misunderstandings.
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Bulletin Société géologique de France, Serie 7, 7,
608–614.

PEACH, B. N. & HORNE, J. 1930. Chapters on the
Geology of Scotland. Oxford University Press,
London.

PEACH, B. N., HORNE, J., GUNN, W., CLOUGH, C. T. &
HINXMAN, L. W. 1907. The Geological Structure of
the North–West Highlands of Scotland. Memoirs of
the Geological Survey of Great Britain. HMSO,
Glasgow.

PEACH, B. N., GUNN, W., CLOUGH, C. T., HINXMAN,
L. W., CRAMPTON, C. B., ANDERSON, E. M. &
FLETT, J. S. 1912. The Geology of Ben Wyvis, Caren
Chuinneag, Inchbae and the Surrounding Country.
Memoirs of the Geological Survey of Great Britain.
HMSO, Edinburgh.

PHEMISTER, J. 1960. William Francis Porter McLintock.
Proceedings of the Geological Society of London,
1581, 141–142.

PRUVOST, P. 1919. La faune continentale du terrain houil-
ler du Nord de la France. Paris, Ministere des Travaux
publics, Memoires pour servir a I’explication de la
carte geologique detaillee de la France.

PRUVOST, P. 1940. Charles Barrois (1851–1939). Pro-
ceedings of the Geologists’ Association, 51, 108–109.

RICHEY, J. E., MACGREGOR, A. G. & ANDERSON, F. W.
1961. Scotland: The Tertiary Volcanic Districts.
British Regional Geology. HMSO, London.

RICHEY, J. E. & WATSON, J. 1965. Obituary notice of
Sir Edward Battersby Bailey. Proceedings of the
Geological Society of London, 1628, 197–198.

ROSS, S. 2002. La Chanson du Moine Thrust a detective
story. The Edinburgh Geologist, 39, 18–22.

SAYLE, C. 1918. Archibald Don – A Memoir. J. Murray,
London.

SARJEANT, W. A. S. 1980. Geologists and the History of
Geology to 1987. Arno Press, New York.

SOPER, N. J. & BARBER, A. J. 1982. A model for the deep
structure of the Moine thrust zone. The Journal of the
Geological Society, London, 139, 127–138.

STUBBLEFIELD, C. J. 1965. Edward Battersby Bailey,
1881–1965. Biographical Memoirs of Fellows of the
Royal Society, 11, 1–21.

STUBBLEFIELD, C. J. 1968. Pierre Eugène Pruvost (1890–
1967). Proceedings of the Geological Society of
London, 1645, 338–344.

TRUEMAN, A. E. 1950. Professor Sidney Hugh Reynolds.
Quarterly Journal of the Geological Society, London,
106, lxix–lxxi.

THOMAS, H. H. 1929. Sir Aubrey Strahan. Anniversary
Address of the President. Quarterly Journal of the
Geological Society of London, 85, lviii– lix.

VAN HISE, C. R. & LEITH, C. K. 1911. The Geology of
the Lake Superior Region. U.S. Geological Survey
Monograph, 52.

WALLIS, F. S. 1950. Sidney Hugh Reynolds. Proceedings
of the Geologists’ Association, 61, 117–118.

WILLS, L. J. 1955. William Savage Boulton. Proceed-
ings of the Geological Society of London, 1529,
134–136.

WILSON, G. V., EDWARDS, W., KNOX, J., JONES, R. C. B.
& STEPHENS, J. V. 1935. The Geology of the
Orkneys. Memoirs of the Geological Survey of Great
Britain. HMSO, London.

WILSON, R. B. 1977. A History of the Geological Survey
in Scotland. Institute of Geological Sciences,
N.E.R.C., London.

WRIGHT, W. B. 1914. The Quaternary Ice Age. First
edition. Macmillan, London.

BA EXCURSION TO ASSYNT SEPTEMBER 1912 49



The Lewisian Complex: insights into deep crustal evolution

J. WHEELER1*, R. G. PARK2, H. R. ROLLINSON3 & A. BEACH4

1Department of Earth and Ocean Sciences, Jane Herdman Building, Liverpool University,

Liverpool L69 3GP, UK
212 Provost Ferguson Drive, Tain, Ross-shire, IV19 1RE, UK

3Department of Geographical, Earth and Environmental Sciences, University of Derby,

Kedleston Road, Derby DE22 1GB, UK
4Exploration Outcomes, 1 Huntly Gardens, Glasgow G12 9AS, UK

*Corresponding author (e-mail: johnwh@liv.ac.uk)

Abstract: The Lewisian Complex is an Archaean/Proterozoic craton fragment found in NW
Scotland and throughout the Outer Hebrides. The 1907 memoir recognized, simply from field
relationships and petrographic observation, key features of Lewisian evolution. The bulk of the
Lewisian is an old, deformed complex consisting mainly of acid igneous rocks, with some
basics, ultrabasics and metasediments. In the Central District of the mainland these are pyroxene
bearing (now recognized as granulite facies). The Lewisian Complex was intruded by a suite of
basic and ultrabasic dykes which show variable states of later deformation, the intensity of
strain being correlated with the development of hornblende schist in the dykes and amphibolite
facies assemblages in the country rocks. In the Northern and Southern Districts, this deformation
is pervasive and the dykes become concordant hornblende schist sheets. The new foliation with
transposed dykes and metasediment sheets is then folded around NW–SE axes. Today there is
no single agreed model for the evolution of the complex but an outline is as follows. In the
pre-dyke (Scourian) history, subduction led to melting of oceanic crust which provided vast
volumes of tonalite-trondhjemite-granodiorite in the period 3100–2700 Ma. Ages show geo-
graphic variations but it is not proven whether that implies large displacements between pieces
of crust or whether it represents intrusions into other intrusions. The subcontinental lithospheric
mantle dates from c. 3000 Ma. K, U and other large ion lithophile elements are depleted in the
Central District of the mainland; this is due to depletion in the downgoing oceanic slab which in
turn is a result of dehydration prior to melting. Other areas are not depleted in such elements, so
various tectonic settings were involved. Remnants of metabasic material in the Lewisian may be
relics of oceanic crust. Granulite facies metamorphism with, in places, P . 10 kb and
T . 1000 8C occurred a considerable time after intrusion so is not necessarily linked to igneous
events. This ‘Badcallian’ episode affected mainly the Central District and a part of the southern
Outer Hebrides; other areas show only amphibolite facies. Zircon dating indicates two high-
grade events at 2500 and 2700 Ma. During the ‘Inverian’ episode a series of wide amphibolite-
facies shear zones affected the granulite-facies Scourian gneiss prior to the intrusion of the
Scourie dykes. The Scourie dykes were intruded from 2400–2000 Ma and are largely quartz
tholeiites derived from enriched subcontinental lithospheric mantle; there are some picrites
which yield the oldest ages but are also seen to crosscut basic dykes. The dykes trend NW–SE
and are steep where not affected by later deformation except where they intrude along, and are
controlled by, Inverian fabrics. Post-dyke (Laxfordian) history involves the development of
calc-alkaline igneous rocks in the Outer Hebrides and mainland (c. 1900 Ma). Volcanics associated
with sediments younger than 2000 Ma comprise an accretionary complex formed in a subduction
setting; they are now intercalated between slabs of Archaean basement indicating that the complex
was involved in collision with continental crust. Huge strains transposing dykes and country rocks
affected almost all of the Outer Hebrides and the mainland except for the Central District. The
NW–SE trending lineation indicates the collision direction; the metasediments on the mainland
and the South Harris Igneous Complex may mark a folded suture between two continents.
Metamorphism was amphibolite facies almost everywhere; in South Harris it was granulite
facies at c. 1880 Ma. At 1750–1675 Ma, a distinct event, called late Laxfordian but much
younger than earlier Laxfordian metamorphism and with a distinct tectonic setting, caused
folding of the previous structures along NW–SE axes, migmatization and renewed amphibolite
facies metamorphism.

From: LAW, R. D., BUTLER, R. W. H., HOLDSWORTH, R. E., KRABBENDAM, M. & STRACHAN, R. A. (eds) Continental
Tectonics and Mountain Building: The Legacy of Peach and Horne. Geological Society, London, Special Publications,
335, 51–79. DOI: 10.1144/SP335.4 0305-8719/10/$15.00 # The Geological Society of London 2010.



In wandering over the region of the Lewisian gneiss in
the north-west of Scotland, it is impossible to avoid
being forcibly impressed with the resemblance
between the architectural features of the rocks and
the forms and dispositions of the foam-flecks on the
pools of comparatively still water below falls and
rapids. In the spaces where little or no movement is
going on, irregular and rounded masses of foam are
separated by dark areas of still water. On the margins
of these spaces, where movement is in progress, they
are drawn out first into lenticles and then into thin
streaks which may remain parallel or be bent, by sub-
sequent movements, into serpentine folds or compli-
cated convolutions which defy analysis, and resemble
the damascening of old sword-blades and gun-barrels.
(Peach et al. 1907, p. 71)

This passage is not only the most poetic, but
also quite possibly the first summary we have of
the effects of overprinting on structures. It refers
to the heterogeneous reworking of a suite of Prot-
erozoic dykes, as seen in all scales from outcrop
to 100 km, one of the many features of the Lewisian
which have been recognized as widespread
phenomena in Earth’s evolution. The Lewisian
Complex is a fragment of the Precambrian Lauren-
tian craton and is made of Archaean to Proterozoic
metagranitoids, metabasites and subordinate meta-
sediments. Its small size relative to other Precam-
brian cratons belies its significant influence on
research into basement evolution and crust forma-
tion in general. The influential 1907 memoir edited
by Peach et al. documented the setting of the
Lewisian rocks: late Proterozoic arkoses (the Torri-
donian) lie above the Lewisian on a profound undu-
lating unconformity. Above the Torridonian, again
unconformable, is a Cambro-Ordovician shelf
sequence. All three rock units are caught up in the
Caledonian Moine Thrust Zone, which carries the
Neoproterozoic metasediments of the Moine Super-
group in its hanging wall. These other rock units are
discussed elsewhere in this Special Publication.

Figures 1 and 2 show the main outcrops of the
Lewisian, excluding only the southernmost islands
of the Outer Hebrides (including Barra) and Coll
and Tiree further south. The inliers in the Caledo-
nian are not reviewed here. They have broadly the
same composition and age as the Lewisian Gneiss
(Friend et al. 2008), with the exception of the
Glenelg-Attadale inliers (Storey 2008) which are
anomalous in terms of metamorphic grade (eclogite
facies) and age (as young as Grenville in part).

In this contribution we will examine how the
memoir presented the Lewisian Complex, pursue
the development of ideas since then (so the reader
may appreciate the context of our present day
knowledge), summarize the evolution, and finally
offer opinions on key problems and ways forward
in Lewisian research. We give much attention to
field and structural aspects since these are

prominent in the memoir and are pivotal to present
day understanding. Our review of the huge geo-
chemical and geochronological progress made in
the latter part of the 20th century will be relatively
brief but we will highlight gaps and overlaps
between the views provided by these methods and
those based on structural and tectonic ideas. Other
reviews of the Lewisian are available in two books
edited by Park & Tarney (1973, 1987) and in Park
et al. (2002), the igneous aspects in MacDonald &
Fettes (2007), the Laxford Shear Zone (Fig. 1) in
Goodenough et al. (2010).

The Lewisian Complex as understood

in the Peach et al. 1907 memoir

The Survey geologists relied on field relationships
to establish relative timings. There were no radio-
metric dates available to them although the idea of
using radioactive products to date rocks had been
proposed recently (Rutherford 1905). The memoir
recognized the existence of very old rocks with a
complicated history predating unmetamorphosed
Torridonian sediments. For example in relation to
the Stoer area (Fig. 1).

This district furnishes abundant evidence that the
pre-Torridonian movements which led to the recon-
struction of the gneiss and dykes were completed
before the deposition of the Torridon sandstone. For
example, at Stoer, where there is an important outlier
of that formation, the numerous shear zones can be
traced up to its margin, while pebbles of deformed
gneiss and hornblende-schist occur in the bands of
conglomerate which there appear. (p. 170)

The ‘reconstruction’ referred to, which would now
be described as the Laxfordian event or events,
was itself identified purely via field relationships
seen within the Lewisian Complex. We choose
five themes which show the way the Survey worked
and set the scene for later developments.

Protoliths

These were diagnosed from the chemical and miner-
alogical affinities of Lewisian rocks, but also from
the shapes and relationships of bodies of rock in
the field. A ‘Fundamental Complex’ was intruded
by a ‘great series’ of dykes and sills. All the major
rock types that we know in the Lewisian today
were recognized. In the Fundamental Complex,
‘Rocks of probably Plutonic Origin’ (Peach et al.
1907, p. 33) comprise: ultrabasic rocks, such as
pyroxenites; pyroxene gneisses with some feldspar
and quartz; hornblende rocks with feldspar almost
always present; quartz-feldspar-biotite gneisses;
and muscovite-bearing gneisses. Basic rocks are
usually older than acidic ones in outcrops showing
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diagnostic relationships (Peach et al. 1907, p. 73).
Still in the Fundamental Complex, ‘Altered sedi-
ments’ include garnet schists, graphitic schists and
calcareous rocks. The ‘Later Intrusions (Dykes
and Sills)’ include ultrabasic through acidic
material. In some regions of the Lewisian, the

Survey found ‘ . . . the ultrabasic and basic intru-
sions preserve their dyke-like character, showing
clearly that they rose along vertical or highly
inclined fissures, after the development of early
banding or foliation in the gneisses of the Funda-
mental Complex’ (Peach et al. 1907, p. 36). Thus,
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Fig. 1. Geography and outline of structural and metamorphic state of the Lewisian Complex. The southernmost
outcrops on Barra, Coll and Tiree are omitted. Younger rocks include the late Precambrian Torridonian; the Moine and
the Cambro-Ordovician shelf sequence. Islands are named in capitals, other geographic features in lower case and
geological features in italics. Lakes marked in blue.
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the petrology and shape of these bodies together
pointed to their igneous origin. Cross-cutting
relationships again give timing, and the ultrabasic
dykes are usually later than the basic ones (e.g.
Peach et al. 1907, map on p. 163). These ‘Later
Intrusions’ are now referred to as the Scourie dykes.

Foliations and lineations

In the memoir banding was commonly interpreted
as the result of deformation, though sometimes in
a partially molten state, motivated by comparisons
with plutons such as Criffel in the Southern
Uplands of Scotland. ‘Basic inclusions are here
extremely common, and they have been drawn out
into lenticles and bands by differential movement
which has affected also the later acid veins’
(Peach et al. 1907, p. 73) – the Lewisian commonly
looks similar.

The memoir contains many references to linea-
tions. For example, in a granite the lineation ‘is
often more or less parallel to the foliation of the
gneiss’ (Peach et al. 1907, p. 108); in Scourie
dykes ‘a linear foliation or rod-structure replaces
the plane-parallel foliation’ (Peach et al. 1907,
p. 120); in gneisses in the Laxford area,

The minerals on the foliation planes of the granulitic
gneisses are often arranged with their long axes paral-
lel. The direction of elongation, or stretching, varies
in different localities, but near the same thrust is per-
sistent for long distances. Over the greater part of
the district, when the observer looks north towards
the foliation planes, the lines of elongation appear
diagonal, about half way between the directions of
strike and dip of the planes, and with their lower
ends on his right hand. (Peach et al. 1907, p. 138;
our italics)

The last quote shows a sharp awareness of the
three-dimensional (3D) nature of lineation (though
the lack of a succinct way of expressing it), and
also implies that the origin of such lineations is
through stretching – a modern interpretation,
though at the time there was no precise way in
which to pursue the implications. In places on the
published one-inch maps, the horizontal projections
of the lineations are marked, with a note indicating
that these should be used together with marked
dips to determine the 3D orientation (Peach et al.
1907, p. 208).

A final quote shows that the possibility of solid-
state deformation was appreciated. In relation to
rocks near Gairloch (Peach et al. 1907, p. 98),

These facts prove that the rock was either intruded
during movement and consolidated in its present
form, or that a previously formed rock was entirely
recrystallised under the influence of the stresses

which produced the ‘rodded’ or ‘mullion-structure’
of the district.

Quantitative structural geology, as we know it,
was not available to assist in interpreting such
data – but the next two sections show how deep
insight was gained from the general patterns of
deformation.

Dykes as time markers: small-scale

relationships

Perhaps the most significant contribution that the
memoir makes in regard of the Lewisian relates to
timing of deformation. A single sentence captures
that contribution.

The detailed mapping [of the Lewisian] has shown that,
after the eruption of the ultra-basic, basic and inter-
mediate dykes, the whole area was in pre-Torridonian
time subjected to earth movements which, affecting
both the various members of the Fundamental
Complex and also these later intrusions, gave rise to
rapid plication [folding] of these strata and to lines of
disruption or shear-zones, accompanied or followed
by re-crystallisation of the original constituents, devel-
opment of foliation, and occasional mylonitisation of
the rocks. (Peach et al. 1907, p. 36)

There are several perfectly recognizable modern
conceptshere. It is crucial tobeaware that this rework-
ing is heterogeneous on all scales, and therefore is
commonly visible within a single dyke. This theme
appears many times in the memoir. For example,
‘Transitions from massive epidiorite [hornblende-
plagioclase rock] to foliated hornblende-schist may
take place within the limits of a hand specimen or
even a microscopic section’ (Peach et al. 1907,
p. 89; see also Teall 1885). On a still local, but
larger, scale, we have (Peach et al. 1907, p. 150),

A mile and a third E.S.E. of Ben Auskaird [itself 7 km
SE of Scourie], the gradual bending, thinning and pro-
duction of foliation in a broad dyke near a line of dis-
ruption can be clearly seen. About 20 to 30 yards on
either side of the thrust, the dyke averages 50 yards
in width, but in the deflected portions it is only three
or four feet.

Note that 1 yard ¼ 0.9 m, 1 foot ¼ 0.3 m. Such
deformation also affects the country rock: ‘gneisses
next to the intrusive rock have been involved in the
changes of dip and structure’ in some places (Peach
et al. 1907, p. 150). Elsewhere, for example in what
we now call the Canisp Shear Zone, reworking
within gneisses is pictured (Fig. 3), and ‘ . . .
between the lines of disruption, the folia of the
older gneiss are sharply contorted and dragged
into parallelism with the disruption planes’ (Peach
et al. 1907, p. 167).
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Dykes as time markers: reworking and large

scale structure

These small-scale observations must have helped
promote the idea that bodies made entirely of
hornblende schist, perhaps with gneissic banding
parallel to their margins, were once intrusions.

This interpretation leads, then, to a picture of hetero-
geneous deformation of the whole Lewisian
outcrop. In terms of large-scale structure, this modi-
fication is not seen everywhere – thus a central dis-
trict, from near Scourie to Loch Broom, is described
as unmodified, with easily recognizable dykes. In
the northern district between Laxford and Cape
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Wrath, ‘The basic dykes . . . appear in the form of
bands of hornblende-gneiss, which can be followed
for only short distances’ (Peach et al. 1907, p. 37). In
the southern district, from Gruinard Bay to Loch
Torridon and Raasay, basic dykes appear ‘either in
the massive form or as hornblende-schists’ (Peach
et al. 1907, p. 38). There seems to have been little
doubt that sheets of hornblende schist could be cor-
related with dykes of the central district. These three
districts remain a simple and useful division of the
mainland and we will use them, in capitals to indi-
cate they are the original definitions.

Large scale structures were also recognized, par-
ticularly in the Southern District, by tracing sheets
of metasediment and/or hornblende schists around
folds. Since those schists themselves represent
deformed dykes, and those dykes themselves
intruded sometimes banded rock of the Fundamen-
tal Complex, there are effectively at least three
stages of deformation documented in the memoir.

Metamorphism

There was, at the time of the memoir, no theoretical
framework for interpreting metamorphic mineral
assemblages. Although the theory of thermodyn-
amics had been developed in the 1870s (collected
works in Gibbs 1906) it would be decades before
it was applied in geology and even the facies
concept was yet to appear (Eskola 1915). The
account shows that the metamorphism was under-
stood in terms of the rearrangement of material
within individual rocks and, in some cases, bulk
addition and removal. Note that the term ‘granulitic’
is used in a purely textural sense in the memoir, so
when read in the quotes below it should not be con-
fused with the modern concept of granulite facies.

Many types of gneiss that are characterized by
pyroxene or hornblende correspond very roughly
to granulite and amphibolite facies respectively.
Quartz, when present in the granulite facies rocks,
shows a distinctive blue or opalescent colour and
in thin section has inclusions as ‘rows of minute

dots’ and ‘extremely thin hairs’ (Peach et al. 1907,
p. 54). Teall, doubtless prompted by his earlier
observations (Teall 1885) notes that

The rocks with hornblende occurring in fibrous or other
aggregates . . . are common in the central zone in which
the pyroxene-gneisses abound, and they are connected
with these in such a manner as to suggest that the horn-
blende is in many, if not in all cases a secondary
product after pyroxene.

This theme is reiterated in many places and is a
description of amphibolite facies overprinting gran-
ulite facies minerals. So, on p. 138 (Peach et al.
1907) we find

. . . the less altered gneisses near most of the pre-
Torridonian thrusts are chiefly those with pyroxene
or with aggregates of hornblende and biotite, which
have probably replaced the pyroxene, and from these
most of the granulitic biotite gneisses have evidently
been derived. The biotite must have been chiefly
formed from pyroxene or hornblende, and the white
mica from feldspar.

Such changes may be associated with shearing: in
the Canisp shear zone (Peach et al. 1907, p. 167)
‘. . . the granules of quartz lose their opalescence,
are elongated and become granulitic, biotite is
developed from the hornblende, and the feldspars
are granulitised.’ Changes are documented in
gneisses and dykes, both basic and ultrabasic.
Thus, regarding a picrite dyke near Lochinver, ‘A
series of specimens . . . show progressive alteration
into a perfect schist composed of chlorite, pale horn-
blende and talc’ (Peach et al. 1907, p. 170).

Many observations made in passing are clear
enough to be interpreted today. For example, in
basic rocks north of Loch Laxford ‘Garnets . . . fre-
quently occur in small aggregates surrounded by a
thin white rim of feldspar granules’ (Peach et al.
1907, p. 120, see also p. 210 etc.). These are reaction
rims and could relate to decompression. In the
authors’ experiences such textures are widespread
in the Scourie dykes, though a detailed study is yet
to be made. In gneiss from Ard Ialltaig, near Gair-
loch, a dark fine-grained rock shows ‘white spots,

Fig. 3. Sketch of fabrics from near Achmelvich, from the memoir. The original caption reads ‘Relation of newer to
older planes of foliation in pyroxenic and hornblendic gneiss’. (Peach et al. 1907, fig. 8 on p. 1670).
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about the size of peas, with curved tail-like pro-
cesses’ (Peach et al. 1907, p. 198): a tantalizing
note given the general absence of kinematic
indicators in the Lewisian. Even grain shape and
crystallographic fabrics are documented: in a
Scourie dyke from near Ben Stack, hornblendes
are ‘arranged with their longest diameters parallel
to the direction of stretching’ (Peach et al. 1907,
p. 94). Thin sections were cut in three perpendicular
orientations.

The preparation at right angles to the direction of
stretching abounds in sections [through individual
hornblende grains] which show the characteristic clea-
vages meeting at angles of 1248, whereas such sections
are rare in the other two preparations.

The hornblendes thus have a crystallographic
preferred orientation with their c-axes (which are
parallel to the cleavage intersections) aligned
parallel to the stretching direction.

In terms of the large-scale distribution of min-
erals, in the district between Laxford and Cape
Wrath, pyroxene-gneiss with blue quartz is absent
(Peach et al. 1907, p. 37). In the district stretching
from Gruinard Bay to Loch Torridon and Raasay,
there is an ‘absence or comparative absence of
pyroxene-gneiss with blue quartz’. Granulite
facies assemblages, then, are only well preserved
in the Central District. Together with the previous
section we see that the memoir documents a
Central District with granulite facies and compara-
tively little post-dyke deformation, with Northern
and Southern Districts characterized by more
intense post-dyke deformation and amphibolite
facies assemblages.

Summary of memoir view of Lewisian

evolution

The Fundamental Complex was made dominantly
of igneous rocks, with much banding related
perhaps to magmatic flow or solid state deformation.
Some patches of basic rocks were intruded by the
more acid varieties which form the bulk of the
Lewisian; there were also some garnet mica
schists interpreted as altered sediments.

After much deformation, a suite of basic dykes
was intruded into the Fundamental Complex, cross-
cutting earlier fabrics. Ultrabasic dykes are less
common than basic ones and crosscut them.

Later, the dykes and their surroundings were
deformed, but much less so in the Central District
than in those to the north and south. Deformation
involved the ‘drawing out’ of patches of rock, or
‘stretching’ to produce linear structures. Bending,
thinning and foliation of dykes were all correlated,
as was the metamorphism of the original igneous
minerals to hornblende-plagioclase mineralogies.
Consequently, foliated basic sheets with entirely

that mineralogy, and parallel to foliation in the
country rocks, were interpreted as original dykes.
Such ‘hornblende schist’ sheets were folded,
together with layers of metasediment, around large
late folds. The Central District was characterized
by pyroxene gneisses and these were transformed
into hornblende bearing rocks, much as the dykes
were. In this metamorphism biotite was commonly
formed, and the blueish quartz often found in the
pyroxene gneisses lost its distinctive colour. Ultra-
basic rocks were metamorphosed to amphibole-talc
assemblages. The Northern and Southern Districts
have pervasive post-dyke deformation, and also
generally lacked pyroxene and blue quartz in the
country rocks.

This broad picture remains correct today.

The Lewisian Complex a century after

the memoir

In this section we select just a few papers which
mark the evolution of ideas in the Lewisian. As
well as the themes we highlight from the memoir,
entirely new approaches became available via geo-
chemistry, geophysics and geochronology, and
research expanded to cover all parts of the Lewisian
including the Outer Hebrides and isolated inliers.
We cover the different aspects of geology under
separate headings, and then synthesize Lewisian
evolution in a subsequent section.

Dykes as time markers: reworking and large

scale structure

Sutton & Watson (1951) formalized the structural
history of the Lewisian with the aid of new nomen-
clature. On the assumption that the dykes were of a
single age they distinguished Scourian (pre-dyke)
and Laxfordian (post-dyke) metamorphism and
deformation, with a Central District relatively unaf-
fected by Laxfordian reworking (Fig. 1). In that
paper, the word ‘Scourian’ is defined as a meta-
morphic episode but is also used to describe proto-
liths which are older than the Scourie dykes: thus
the term covers pre-dyke events and protoliths
(Fig. 4). Dykes were proposed to have a single
age or, more precisely, there were no deformation
events during the period of dyke emplacement. In
contrast, Bowes (1969) suggested four stages of
dyke emplacement separated by deformation.
Neither idea can be proved conclusively without
absolute ages for deformation and intrusion. The
first hypothesis has been generally adopted, yet in
a modified form, recognizing that there was some
ductile deformation during dyke emplacement
(Tarney 1973). In the 1960s there was much devel-
opment of structural ideas as the relationship of
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foliations and lineations to strain became clearer
(Flinn 1965) and multiple stages of deformation
were recognized.

It is hazardous to correlate structures on the basis
of style and orientation but we still find it useful for
general description to use a sequence of D numbers
for the Laxfordian deformation episodes as first
described by Coward (1973) for the southern
Outer Hebrides and subsequently by Coward &
Park (1987) for the whole Lewisian. In this
scheme, D2 is the main fabric-forming event, produ-
cing fabrics in the dykes and transposing them
parallel to foliations in the country rock, although
D2 does not appear everywhere. D3 is the event
during which (usually) NW–SE-trending folds and
shear-zones were formed that deformed the D2
fabrics, and D4 is a localized deformation producing
minor structures associated with retrogressive
metamorphism.

The Outer Hebrides were recognized as being
dominated by Laxfordian deformation (Coward
et al. 1970), with amphibolite sheets parallel to
gneissic foliations almost everywhere (D2), and
those foliations were affected by later stages of D3
folding around NW–SE axes (Fig. 4a) (Coward
1973). The effects of superimposed deformations
were invoked to explain complicated structural pat-
terns, using the (then) new idea that rock fabrics
were the finite results of superimposed strains. For
example, dominantly linear fabrics could be
explained as the result of two superimposed plane
strain deformations (Coward 1973).

Similar structures exist on the mainland in the
Northern and Southern Districts (Fig. 4b); in par-
ticular NW–SE folds affect an earlier fabric and
will be referred to as D3. In our account we make
the simplest (but unproven) assumption that D3
folds are of roughly similar age throughout the
Lewisian. On the mainland it was recognized that,
where they are best preserved, the Scourian rocks
themselves had a complex history prior to dyke
intrusion. In particular amphibolite facies fabrics
can be shown to be pre-dyke in parts of the
Central District, despite similarities to Laxfordian
tectonites in grade and NW–SE orientation. This
retrogressive event, which must have involved a
large input of water (of unknown origin), is
defined as the ‘Inverian’ (Park 1964; Evans 1965).
The older granulite-facies metamorphism and
deformation in the Scourian of the Central District
was named as ‘Badcallian’ (Park 1970). Field
identification of Inverian structure is difficult,
especially in the Southern District where the Lewi-
sian is entirely amphibolite facies. The earlier
Scourian though, can be identified in the field in
terms of fabrics which are demonstrably early and
do not trend NW–SE (Fig. 5a, b). Systematic
mapping identified a substantial component of

deformation as Inverian, based on, for example,
subtle low angle discordances between Scourie
dykes and wall rock fabrics (Park & Cresswell
1973; Fig. 5c). The dyke intrusion was argued to
be controlled by these pre-existing NW–SE
fabrics, not just in terms of orientation but also in
terms of more abundant and thinner dykes in
zones of high Inverian strain (Park & Cresswell
1973). The Inverian is now widely accepted as an
important stage of Lewisian deformation (Coward
& Park 1987; Wheeler 2007). In zones lacking
Inverian fabrics, dykes are subvertical and the
simplest explanation is that those zones have not
rotated around horizontal axes since dyke emplace-
ment (this assumption is used in the discussion of
Laxfordian events, below).

In these works, the various deformations were
not attributed to an overall tectonic driving force
or regime – but there would soon be renewed
impetus for ideas to evolve. First, plate tectonics
arrived. Second, Ramsay & Graham (1970)
pointed out the importance of shear zones as a
style of deformation (Fig. 5e). The Lewisian pro-
vided examples of outcrop scale shear zones (from
a heterogeneously deformed Scourie dyke in North
Uist) to fuel the discussion. Simple shear quickly
became established as a model for large scale, as
well as, outcrop scale structure, partly because it
readily explains heterogeneous strain. One clear
example of a strain gradient is the northern bound-
ary of the Central District on the mainland, the
Laxford Shear Zone (Fig. 1). This was interpreted
in a model involving simple shear, with Inverian
south side up reverse sense shear explaining the
juxtaposition of the Central District granulites with
the Northern District which appears never to have
been affected by granulite facies (Beach et al.
1974). Later Laxfordian discrete sinistral normal
sense shear zones formed just to the south. The
curved shapes of these shears suggest they may be
rotated listric structures (Wynn 1995). The evol-
ution of the Laxford Shear Zone is discussed in
detail elsewhere in this volume (Goodenough
et al. 2010). Simple shear with dextral sense was
also invoked to explain the kilometre-scale pattern
of foliations in South Harris (Graham & Coward
1973), and is a major component of deformation
in the Gairloch (Odling 1984) and Canisp (Attfield
1987) Shear Zones.

Laxfordian strain gradients on the kilometre
scale are seen in the Southern District, for
example, in the Gruinard area the strain gradually
increases southwards (Figs 1 & 4b) in a manner
broadly analogous to the Laxford Shear Zone.
There is more complexity here though because of
the folded metasediments of the Loch Maree
Group and also because of the low-strain block,
several kilometres across, in the Torridon area (the
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Ruadh Mheallan block, Fig. 4b). Passing south from
this block, Laxfordian strain again increases but
with a quite different style. Instead of a rather
smooth increase in strain as the transition region is
traversed, an anastomosing set of shear zones separ-
ating low-strain lenses is present (Wheeler et al.
1987; Wheeler 2007). Passing SW the abundance
of low-strain lenses decreases, until the deformation

is uniformly high strain and resembles that of the
Northern District and the Outer Hebrides.

Simple shear on a still larger scale is a possible
explanation for those high-strain fabrics which
are folded but have flat enveloping surfaces in
Laxfordian areas such as the Outer Hebrides
(Coward 1975); such an idea was developed simul-
taneously in other Precambrian regions (Bridgwater

Fig. 5. Photographs illustrating key aspects of the Lewisian Complex: (a) Migmatitic early Scourian gneiss,
south shore of Loch Torridon; (b) Early Scourian banding cut by thin undeformed Scourie dyke (a larger dyke forms the
top of the hillock). North side of Loch Torridon; (c) Scourie dyke cross-cutting systematic foliation in gneisses at a low
angle. The dyke is deformed but the angular relationship suggests that the country rock fabric is pre-dyke (Inverian).
North side of Loch Torridon; (d) View NW of thick Scourie dyke on right (north) side of headland is parallel to (likely
Inverian) foliation in country rock on left. North of Scourie, approaching the highest strain part of the Laxford Shear
Zone; (e) Shear zone (Laxfordian) in amphibolitized Scourie dyke. NW coast of North Uist; (f) Scourie dyke,
pervasively amphibolitized, transposed into parallelism with foliation in country rocks and folded during late
Laxfordian deformation. NW coast of North Uist.
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et al. 1973). Coward alluded to the possibility
that the lineation indicated overall transport direc-
tion, and that this could be related to plate move-
ments: though he was cautious about both, this
remains a ‘modern’ interpretation of this area
(Park 2005) and is a widely applicable tectonic
model (Shackleton & Ries 1984). The hinges of
the D3 folds of the mainland and Outer Hebrides
(Fig. 4) are broadly parallel to the NW–SE linea-
tion, but they were formed in a later event that
may relate to a separate collision, much younger
than D2, described in the synthesis section later.

The Outer Hebrides exhibit, running along their
eastern sides, a complicated zone of greenschist
facies ductile fabrics, brittle fault rocks and pseudo-
tachylites: the Outer Hebrides Fault Zone. These SE
dipping fabrics and faults crosscut Laxfordian
amphibolite facies structures and are later. They
show a spectrum of plastically and brittle deformed
rocks with somewhat similar kinematics, leading
Sibson (1977) to propose that they are snapshots
of a kinematically linked brittle fault – plastic
shear zone system. This model underlines the role
of shear zones as the plastic equivalent of faults
on crustal scale, an idea widely applied since.
Although the Outer Hebrides Fault Zone is not
Laxfordian, the idea of linked brittle-ductile shear
zone systems is as likely to have applied to the
Laxfordian as to younger belts where it can be
more easily demonstrated – there are no known
remnants of major Laxfordian faults to which
the shear zones coupled, although there are brittle
structures which might, in principle, be Laxfordian.
By the 1980s knowledge of thrust tectonics had
evolved to include the geometries and consequences
of ramp-flat geometries and fault-related folds
(Boyer & Elliott 1982). These concepts, together
with the idea that ductile shear zones are kinemati-
cally equivalent to faults, led to a vision of lower
crustal deformation in which linked shear zones
could form flats and ramps and could provide
detachments for folds above them: a vision ele-
gantly summarized by Coward (1984).

Current understanding of the largest scale Lax-
fordian features then is as follows. In the southern
Outer Hebrides there is no doubt that later folds
have affected what may well have been a subhori-
zontal shear zone, which was many kilometres
thick since its upper and lower margins are not
revealed in the cores of later antiforms or synforms
(Fig. 4a). These D3 folds have distinctive form, with
open antiforms and tight synforms and will have
detached on a shear zone at depth. There are only
small low-strain zones. On the mainland, the geo-
metry of the Loch Maree Group leaves no doubt
that there has been folding of a large shear zone.
Here, though, the orientation of dykes in low
strain zones can, if they are assumed vertical prior

to the Laxfordian, provide a guide to possible
ramp geometries. Thus, on Figure 4d the early
Laxfordian fabrics are shown as ramping down
beneath the low-strain zone near Gruinard. A band
of metasediments, too thin to illustrate, occurs in
this ramp region, and is possibly correlated with
the Loch Maree Group. Ramps are also suggested
beneath the Ruadh Mheallan low-strain zone at
Torridon and beneath the Central District in the
Laxford Shear Zone.

Concepts of crustal-scale shear zones led to a
reassessment of the Inverian structural evolution,
which was interpreted in terms of dextral transpres-
sion on discrete steep shear zones such as Canisp as
well as on subhorizontal structures (Coward & Park
1987). The Inverian foliations and lineations are
often coplanar with the later Laxfordian fabrics
and, in places, collinear. One explanation is that
intense Laxfordian strain will inevitably rotate
earlier structures into parallelism. In addition the
Scourie dykes appear to have been, at some times,
relatively weak during the Laxfordian. At Torridon,
Inverian shear zones anastomose and, to a first
approximation, they share a common lineation.
Scourie dyke intrusion was controlled by these
shear zones. If slip is localized on these dykes,
then, movement is ‘guided’ by dyke intersections
and is thus parallel to the Inverian lineation
(Wheeler et al. 1987).

The Outer Hebrides Fault Zone was itself
thought to have a thrust sense of movement, partly
because it brings granulite facies rocks above amp-
hibolite facies in South Uist, but there is much evi-
dence for normal movement in addition (White &
Glasser 1987). Consequently, it appears that the
same zone has accommodated different movements
and is a persistent weak zone: several episodes of
reactivation have been proposed (Butler et al. 1995).

Nomenclature

In this contribution we use the term ‘Scourian’ for
any pre-Scourie dyke protolith or metamorphism
(with or without deformation), and the term
‘Laxfordian’ for any post-Scourie dyke protolith
or metamorphism (with or without deformation),
‘Badcallian’ means Scourian granulite facies
metamorphism (with or without deformation) and
‘Inverian’ means Scourian amphibolite facies
metamorphism (with or without deformation)
which, in the Central District, is seen to postdate
the Badcallian. In the Southern District, most
fabrics are amphibolite facies but have a variety of
ages and orientations. Here, the latest Scourian
fabrics run NW–SE and are referred to as Inverian
because they are relatively late in the Scourian
history and are parallel to Inverian structures in
the Central District. Our terms are based on field
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relationships. Kinny et al. (2005) propose a large
number of new names for Lewisian events, based
on zircon dating coupled to a proposal that the
Lewisian is divided into numerous terranes (an
idea discussed later). Currently we cannot relate
this nomenclature scheme to field relationships or
to the Lewisian literature that we review here, so
we adhere to the traditional terms.

Protoliths and geochemistry

Geochemistry provides a precise basis for dia-
gnosing the origins and/or metasomatic history of
protoliths. The bulk of the Lewisian was formed in
the late Archaean; we split this section into three
according to the ages of protoliths as established
in the field, though for one or two we deploy geo-
chronological data which are discussed in detail
in a later section.

Scourian protoliths: geochemical variability
between the North, Central and Southern Districts.
The memoir was correct in the identification of the
main rock types: the dominant quartzofeldspathic
gneisses are meta-igneous and Rollinson &
Windley (1980) were the first to identify them as
of the tonalite – trondhjemite – granodiorite (TTG)
association, typical of Archaean cratons worldwide
which have grown by the addition of silicic TTG
magmas. In detail the igneous lithologies of the
Lewisian complex form a bimodal association, in
which older mafic rocks comprising amphibolites
and layered mafic ultramafic complexes are
enclosed in the more abundant TTG gneisses.

Major and trace element compositions of the
TTG gneisses in the North, Central and Southern
Districts show spatial variability, mainly in the pro-
portions of tonalite to trondhjemite in the different
parts of the Lewisian (Rollinson 1996). So for
example, tonalites are most common in the Central
District but form a much smaller proportion of the
gneisses in the north and south, where granodiorite
is more typical. Mantle-normalized trace element
plots show important differences in the concen-
trations of the large ion lithophile (LIL) elements
K, Rb, U and Th, but great similarities in immobile
element concentrations. The concentrations of the
LIL elements in the Central District are much
lower than in the Northern District where K-feldspar
is commonly observed, an obvious indication that
LIL abundances are higher (Sheraton et al. 1973;
Weaver & Tarney 1981). It is often proposed that
LIL elements are ‘fluid mobile’. Consequently a
long-standing interpretation of this geochemical
difference is to correlate it with the granulite
facies metamorphism of the Central District and
infer that the TTG crust was depleted in fluid
mobile LIL elements during granulite facies meta-
morphism (Moorbath et al. 1969) through partial

melting and the loss of a silicate melt. However,
loss of melt should give rise to a positive Eu
anomaly in the restite and a negative Eu anomaly
in the more silicic melts whereas in the Scourian
the most silicic melts have a positive Eu anomaly
(Tarney & Weaver 1987a). More recently Rollinson
& Tarney (2005) proposed that the low concen-
trations of LIL elements in the TTG gneisses of
the Central District are primary and reflects a
‘depletion’ process which took place in the TTG
magma source, rather than being the product of
later granulite facies metamorphism.

Scourian crust generation. The felsic rocks of the
TTG association are the product of the partial
melting of a basaltic precursor (Rollinson 2006,
2007) and cannot be a direct melt of the mantle.
Thus the presence of old mafic rocks in the TTG
gneisses is important, because they may represent
TTG source rock. This hypothesis has been tested
with the basaltic amphibolites found enclosed in
TTG gneisses at Gruinard Bay in the southern part
of the Lewisian. These basaltic amphibolites are
geochemically variable: some show light-rare
earth elements (REE) depleted REE patterns,
similar to modern N-type mid-ocean ridge basalt
(MORB), whereas others show a light-REE
enriched pattern (Rollinson 1987). Modelling of
the origin of the Lewisian tonalitic and trondhjemi-
tic gneisses at Gruinard Bay through the partial
melting of a light-REE enriched basalt shows that
their trace element patterns can be reproduced if
the melting residue contains a small amount of
garnet and plagioclase and larger amounts of clino-
pyroxene and hornblende (Rollinson & Fowler
1987; Rollinson 1996). Tonalites represent melting
at about 18 kb and 800 8C and the trondhjemites
melting at slightly higher pressures and tempera-
tures (.22 kb, .800 8C). These results show that
the felsic crust was formed through partial melting
of a hydrated mafic source at a depth of 60–
70 km. In terms of tectonic setting such a deep
source is compatible with (though does not prove)
melting in the basaltic portion of a subducting
slab, so that the source of TTGs was former
oceanic crust and they are analogous to modern ada-
kites (Rollinson & Fowler 1987). A point not
emphasized in Rollinson & Fowler (1987) is that
the basaltic lithology at Gruinard Bay which looks
most like modern MORB is the light-REE depleted
amphibolites, whilst a light-REE enriched basaltic
composition is required to source the observed
TTG. Such enrichments are found today in
‘enriched-MORB’, but may also occur in other tec-
tonic settings, not necessarily MORB. Regardless of
the explanation for REE enrichment, LIL depletion
could relate to dehydration (not melting) in the
downgoing Archaean oceanic slab, prior to
melting (Rollinson & Tarney 2005). Fluid released
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at this stage could carry LIL elements with it as it
escapes. This model has something in common
with the original explanation, because in both
models fluids lost during metamorphism carry LIL
elements with them. However, in the new model
metamorphism and dehydration occur in the
source rock prior to melting, rather than in the
product TTG after solidification.

Variations in concentrations of LIL elements in
TTG across the Lewisian could, extending this argu-
ment, reflect chemical differences in the basaltic
precursor to the TTG magma. For example in the
Central District the low levels of K, Rb, U and Th
would indicate that the basaltic parent was dehy-
drated prior to melting and that those elements
were removed in fluid. In the north and south
however, the basaltic parent was not dehydrated
prior to melting, and the LIL elements contributed
to the melt. This difference could, in turn, indicate
a difference in the dip of the subducting slab, such
that a slab in which dehydration takes place prior
to melting dips more steeply than a slab which
experiences hydrous melting.

The geochemistry of the Northern District is suf-
ficiently different from the Central that it cannot
have been derived simply by hydrating ‘Central
District’ material. The two types of TTG could
have occupied different crustal levels, or comprised
large but distinct batholithic complexes side-
by-side within one piece of crust. Then subsequent
vertical and/or horizontal movements on the
Laxford Shear Zone – which is clearly a zone of
high strain – might juxtapose such geochemically
distinct protoliths at the present outcrop. Alterna-
tively, geochemical and age differences (see
below) have been together used to support much
larger movements, with the Laxford Shear Zone
being a terrane boundary (Friend & Kinny 2001;
Goodenough et al. 2010).

The South Harris Igneous Complex, now entirely
metamorphic, comprises original anorthosites,
gabbros, norites and diorites (Fettes et al. 1992).
These igneous rocks, once thought to be comag-
matic, are now known to be very different in age.
The anorthosite is Scourian (Palaeoproterozoic)
but the other bodies are younger (see below).

Scourie dykes. Scourie dykes comprise quartz
tholeiites (dominant), bronzite picrites, olivine
gabbros and norites. They were largely derived by
melting of enriched subcontinental lithospheric
mantle (SCLM) (Tarney & Weaver 1987b) and
represent NE–SW crustal extension, albeit over an
extended time period (see below). In places fresh
dykes cut amphibolitized ones (Tarney 1963) as if
the water influx of the Inverian were continuing
whilst dykes were intruded.

Most dykes have an enriched trace element sig-
nature, which could indicate contamination from

the adjacent felsic Scourian gneisses. However,
Tarney & Weaver (1987b) show that this is incon-
sistent with the measured trace element abundances
and propose that the enrichment is inherited from a
subcontinental mantle source. Thus the emplace-
ment of the Scourie dykes reflects a process of the
growth and evolution of the SCLM beneath the
Archaean craton. Waters et al. (1990) reported
Nd-isotope evidence to suggest that this lithospheric
component may be as old as 3 Ga, indicating that
there was an enriched subcontinental mantle, iso-
lated from the convecting mantle more than 1 Ga
before the time of dyke emplacement. This is con-
sistent with observations from other Archaean
cratons that the SCLM formed at broadly the same
time as the felsic rocks of the craton and implies a
coupled process.

Post-Scourie dyke protoliths. The gabbros, norites
and diorites of the South Harris Igneous Complex
formed much later than the Scourian anorthosite
despite its proximity. Geochemistry shows a
calc-alkaline affinity for the major bodies, and an
olivine tholeiite affinity for some layered gabbros
and ultrabasics (Fettes et al. 1992). This, together
with parallels with the geology of the Kohistan
Arc in the Himalayas (Coward et al. 1982), suggests
that the South Harris Igneous Complex may have
been an island arc and was tectonically incorporated
in the surrounding gneisses – its boundaries are
highly sheared.

Metasediments and metavolcanics occur at
Gairloch and north of Loch Maree nearby (Park
1964). Together called the Loch Maree Group,
they consist of two contrasting assemblages:
c. 2000 Ma-old clastic sediments considered to
have formed in a trench or back-arc setting, and a
shallow-marine sequence including limestones,
banded-iron-formation and graphite schists asso-
ciated with oceanic plateau-type volcanic rocks.
This assemblage is interpreted as an accretionary
complex formed at a subduction zone (Park et al.
2001) and is intercalated between slabs of Archaean
basement indicating that the complex has been
involved in collision with continental crust. Other
metasediments form the Langavat and Leverburgh
belts of South Harris (Fettes et al. 1992).

The Ard gneiss, a metagranite associated with the
Loch Maree Group is post-Scourie dyke (Table 1).
Younger Laxfordian granites are present in signifi-
cant volumes (420 km2) in the Uig Hills – Harris
Granite Complex (Myers 1971) immediately north
of the South Harris Igneous Complex (Fig. 1) and
in sheets in the Laxford Shear Zone.

Metamorphism

There are three developments we highlight here.
First, the advancement of metamorphic techniques
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allowing precise characterization of conditions;
second the link between metamorphism and
large-scale tectonics and third the recognition of
complicated feedbacks between deformation and
metamorphism.

Scourian metamorphic conditions. Sutton & Watson
(1951) discussed the metamorphism in terms of
amphibolite facies and a charnockitic facies: the
latter would now be referred to as granulite
facies. They recognized that the addition of water
to the granulite facies assemblages was required
during Laxfordian overprinting. Experimental pet-
rology developments in the 1960s enabled quanti-
tative P–T (pressure–temperature) estimates for
Scourian granulites of 15 kb, +3 kb and 1150 +
100 8C (O’Hara 1977; O’Hara & Yarwood 1978),
implying a high Archaean geothermal gradient.
Estimates vary: for example 7–8 kb and 750–
800 8C is representative for the mainland Scourian
as a whole (Sills & Rollinson 1987) but

metasediments near Stoer yield 920–980 8C and
.11 kb (Cartwright & Barnicoat 1987). A tempera-
ture of 1000 8C (Cartwright & Barnicoat 1989)
means that the metamorphism is classified as ultra
high temperature (UHT). The meaning of these
estimates is difficult to determine for some are
based upon former igneous rocks (Rollinson
1982), and so might reflect magmatic temperatures,
whereas others are from undoubted metasediments
(Cartwright & Barnicoat 1989), and so indicate the
deep burial of rocks which originally formed at
the Earth’s surface. Such UHT metamorphism was
more common in the Precambrian and may in
general record closure and thickening of backarcs
with their characteristic high heat flow (Brown
2007), though there is no direct evidence for
that model here. High metamorphic temperatures
are consistent with a crust which is built through
a process of magmatic accretion but timing
information (see below) does not necessarily
support this.

Table 1. Some key dates from the Lewisian. Horizontal lines indicate 100 Ma intervals, to highlight the
abundance of dates in each interval; alternate 100 Ma intervals are shown in black on the left of the table

Date Where Lithology System Technique Mineral(s) Event Reference

N
P * 1082 Eastern GAI eclogite Sm–Nd ID-TIMS grt-omp-WR Eclogite facies (Sanders et al. 1984)

(Storey 2008)1660 Western GAI eclogite Lu–Hf ID-TIMS grt-omp Eclogite facies

1675 South Harris granite U–Pb SHRIMP zircon Intrusion (Friend & Kinny 2001)

1689 Scourie Scourie dyke (norite) U–Pb ID-TIMS rutile Metamorphism (Heaman & Tarney 1989)

1694 Tollie pegmatite U–Pb ID-TIMS zircon [syntectonic to D3] (Park et al. 2001)

1752 Scourie metasediment U–Pb Ion microprobe monazite Amphibolite facies (Zhu et al . 1997)

1855 Laxford area granite U–Pb SHRIMP zircon Intrusion (Friend & Kinny 2001)

1870 South Harris meta-anorthosite Sm–Nd ID-TIMS 4 mineral isochron Cooling after granulite 
facies

(Cliff et al. 1983)

1888 South Harris diorite, norite U–Pb ID-TIMS zircon Intrusion (Mason et al. 2004)

1903 Ard gneiss metagranitoid U–Pb ID-TIMS zircon [Syntectonic to D1/D2] (Park et al . 2001)

1992 Assynt Scourie dyke (gabbro) U–Pb ID-TIMS baddeleyite Intrusion (Heaman & Tarney 1989)

2000 Loch Maree metasediment U–Pb Ion microprobe zircon [Source area] (Whitehouse et al. 1997)

2100

2200

2300

2418 Assynt Scourie dyke (picrite) U–Pb ID-TIMS baddeleyite Intrusion (Heaman & Tarney 1989)

2490 Scourie TTG U–Pb SHRIMP zircon Granulite facies (Friend & Kinny 1995)

2490 Scourie basic gneiss Sm–Nd ID-TIMS 4 or 5 mineral 
isochrons

Closure, 600 °C (Humphries & Cliff 1982)

2490 Scourie felsic granulite U–Pb ID-TIMS zircon Granulite facies (2) (Corfu et al . 1994)
2491 South Harris anorthosite U–Pb ID-TIMS zircon Intrusion (Mason et al . 2004)

2526 Scourie metasediment U–Pb Ion microprobe monazite in grt Granulite facies (2) (Zhu et al. 1997)
2680 Northern District hbl-bt mafic tonalite U–Pb SHRIMP zircon Youngest TTG in 

Northern District
(Kinny & Friend 1997)

2730 Gruinard Bay tonalitic granulite, 
trondhjemitic gneiss

U–Pb SHRIMP zircon low-U  rims Granulite facies (Love et al. 2004)

2700 N tip Lewis diorite U–Pb Ion microprobe zircon Intrusion (Whitehouse & Bridgwater 
2001)

2760 Scourie metasediment U–Pb Ion microprobe monazite in grt Granulite facies (1) (Zhu et al . 1997)
2770 Corodale mafic gneiss Sm–Nd ID-TIMS WR Intrusion (Whitehouse 1993)
2825 Gruinard Bay tonalitic granulite U–Pb SHRIMP zircon cores Intrusion (Love et al . 2004)
2840 Northern District  biotite gneiss U–Pb SHRIMP zircon cores Oldest TTG in Northern 

District
(Kinny & Friend 1997)

2846 Gruinard Bay hornblendite-
metagabbro 

Sm–Nd ID-TIMS WR Intrusion (Whitehouse et al. 1996)

2943 Gruinard Bay main amphibolite Sm–Nd ID-TIMS WR Intrusion (Whitehouse et al. 1996)
2960 Central District tonalitic granulite U–Pb SHRIMP zircon Youngest TTG in 

Central District
(Friend & Kinny 1995)

3026 Scourie tonalitic gneiss U–Pb SHRIMP zircon Oldest TTG in Central 
District

(Kinny & Friend 1997)

3125 South Harris migmatitic gneiss U–Pb SHRIMP zircon Intrusion (Friend & Kinny 2001)
3135 Torridon TTG U–Pb SHRIMP zircon Oldest TTG in Southern 

District
(Kinny et al. 2005)
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Evidence of partial melting in the Central
District granulite facies rocks is sparse, which is
problematic given the very high temperature esti-
mates which surely make melting likely in many
lithologies. Felsic sills in the Badcall and Scourie
areas, originally thought to be partial melts of
the local felsic gneisses are instead likely to be
from much deeper (Rollinson 1994), though there
is debate (Cartwright & Rollinson 1995). The only
rock types where partial melting is unequivocal
are the rather rare metasediments such as those
found at Stoer (Cartwright & Barnicoat 1987).

No P–T estimates are available for the amphibo-
lites facies Scourian of the Southern District. One
ultrabasic body at Torridon contains assemblages
which are granulite facies but may be relict
igneous (Cresswell & Park 1973). The basic
gneisses above the Outer Hebrides Fault Zone in
South Uist and Barra are Scourian granulite facies
(Whitehouse 1993).

The Inverian amphibolite facies yields few
assemblages which give good P–T data but T is
near 600 8C (Sills & Rollinson 1987) or 500–
625 8C at 3–6 kb (Cartwright et al. 1985). There
is no clear evidence for progradation, although
there are syntectonic migmatites reported from the
Southern District (Cresswell & Park 1973).

Scourie dyke metamorphic conditions. By definition
any Scourie dyke metamorphism is Laxfordian –
nevertheless we distinguish very early recrystalliza-
tion here, which may have preceded any Laxfordian
tectonics. The Scourie dykes where undeformed
may show margins of hornblende and plagioclase +
garnet which O’Hara (1961) suggests formed
by ‘autometamorphism’ when the rocks were still
hot (300–500 8C). Therefore we are presently
seeing a deep level of dyke intrusion. This is con-
firmed by observations of dykes deformed and
metamorphosed at amphibolites facies being cut
by undeformed ones (Tarney 1973) implying that,
unless we postulate cyclic unroofing and burial,
the country rocks were at amphibolites facies.
Though the country rocks were hot, they were still
much cooler than the magma and chilled margins
formed in many dykes.

In the Outer Hebrides, dyke centres commonly
show recrystallized textures with two pyroxenes,
plagioclase and sometimes garnet, which on miner-
alogical grounds is granulite facies and is wide-
spread, see Fettes et al. (1992, fig. 12). This is
problematic given the general absence of any evi-
dence for granulite facies in the country rocks. How-
ever, their temperature estimates of 620–640 8C
using coexisting garnet and clinopyroxene (on an
assumption of 4–7 kb pressure) from metadolerites
are more compatible with the upper amphibolite
facies (they also quote unpublished work giving

700 8C). Since the dykes were originally anhydrous,
it may be that the dykes recrystallized under con-
ditions of reduced water activity at pressures and
temperatures that would, in the presence of excess
water, give assemblages dominated by amphibole.

Laxfordian and later metamorphic conditions.
Precise Laxfordian data are available from the
Loch Maree Group (Droop et al. 1999): 630 +
30 8C and 6.5 + 1.5 kbar from metapelites;
530 + 20 8C from other rock types. Most of the
Laxfordian is deduced to be amphibolite facies
simply from the dominance of hornblende and pla-
gioclase in deformed and recrystallized Scourie
dykes (Teall 1885). The P–T estimates from the
Outer Hebrides Scourie dykes mentioned above
may be earlier than Laxfordian deformation and
are not necessarily the same grade as that defor-
mation. Apart from that and the problem of geo-
graphical separation, completely recrystallized
mainland dykes do not commonly contain garnet
and clinopyroxene so caution should be applied
in extrapolating those conditions. Though they do
not provide quantitative P–T data, Cresswell &
Park (1973) describe mineralogical evolution
in the Scourie dykes of the Southern District.
Hornblende and plagioclase persist once the
igneous assemblages are replaced, but after garnet
coronas (autometamorphic) are destroyed and a foli-
ation developed, garnet porphyroblasts grow stati-
cally. This garnet is then replaced by epidote,
plagioclase and hornblende + biotite and ores.
Later metamorphism also involved crystallization
of K-feldspar which was proposed as related
to alkali metasomatism. There are hints here of a
retrograde P–T path but there is clearly a need
for quantitative chemical data to advance our
understanding.

Uniquely for the Laxfordian, South Harris
reached granulite facies as recorded in the South
Harris Igneous Complex and with specific P–T
estimates from the Leverburgh metasediments of
800 8C and 13–14 kb (Baba 1998). A more detailed
P–T path shows peak T of 955 + 45 8C at
10.0 + 1.5 kb followed by peak P of 12.5 +
0.8 kb at 905 + 25 8C (Hollis et al. 2006). The
granulite facies metamorphism was originally
thought to be Scourian, because of the grade, but
is now known to be Laxfordian, affecting both
Scourian and post-Scourian protoliths (see below
for details of dates). Remarkably, then, the Lewisian
shows two UHT regions of quite different ages.

Inliers within the Moine Supergroup are diag-
nosed as Lewisian in the Memoir and these show
some distinctive assemblages, namely eclogite
facies in the Glenelg-Attadale inliers (Teall 1891)
with P–T estimates of 20 kb and 750–780 8C
(Storey et al. 2005).
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Metamorphism and large-scale tectonics. The P–T
evolution of the Lewisian seems, at first sight, to
indicate gradual unroofing and cooling throughout
the Proterozoic (O’Hara 1977), though this picture
is biased by the amount of data from the
Scourie-Assynt area. O’Hara proposed that the Bad-
callian granulites were not far above the Moho when
they formed, so that many kilometres of crustal
material must have been added, by what he called
a ‘non-tectonic’ (i.e. presumably igneous) under-
plating process. However, igneous underplating
cannot explain the differential uplift shown by
the juxtaposition of rocks with different pressure–
temperature–time (P–T– t) histories.

Instead, tectonics and erosion together form the
basis of viable interpretations. Overthrusting means
exactly the same thing as tectonic underplating.
Tectonics allows explanation of how rocks with
different P–T– t histories can be juxtaposed. A
brief summary in the context of diagnosing exten-
sional structures is given by Wheeler & Butler
(1994) – the logic is basically the same for other
structures. Even post-metamorphic tectonics is not
essential to explain high grade rocks at the Earth’s
surface. If the Badcallian crust was, for example,
70 km thick, with the present erosion level 30 km
above the Moho, it could have been unroofed
slowly by erosion without necessarily requiring
material to be added beneath by any mechanism
(Sutton & Watson 1987). However, once it is
appreciated that the Loch Maree Group was depos-
ited long after the Scourian metamorphism and is
now at amphibolite facies, a Laxfordian cycle of
burial and unroofing must be hypothesized. More-
over, unless the tectonic emplacement of the Loch
Maree Group onto its present footwall (Fig. 4) was
very late in the Laxfordian, whatever buried the
Loch Maree Group would also have buried those
footwall rocks. Similar arguments for relative
movements can be deployed in South Harris. If it
is the case that the TTG gneisses around this area
have not experienced granulite facies in the Laxfor-
dian, and the South Harris Igneous Complex clearly
has, then there must have been relative movements
to juxtapose the two different metamorphic grades.
A history of slow, monotonic unroofing for the
whole Lewisian is not viable; some form of differen-
tial tectonic thickening during the Proterozoic must
have occurred.

Relationships between deformation and metamor-
phism. Teall recognized that the transformation of
Scourie dyke to amphibolite was spatially asso-
ciated with deformation. The relationship – or
feedback – between deformation and metamor-
phism has since been recognized as of huge impor-
tance in crustal (and likely mantle) behaviour.

‘Transformation modified deformability’ (Brodie &
Rutter 1985) is often manifest as (possibly tran-
sient) softening, for example due to the reduction
in grain size caused by growth of new minerals.
Smaller grain sizes allow easier deformation by
diffusion creep. Complementary to this, defor-
mation can promote reaction or enhance reaction
rates by, for example, generation of permeability
during deformation (allowing fluid ingress and
hydration), and by increasing the plastic strain
energy stored within grains and hence decreasing
their chemical stability. The positive feedbacks of
deformation on reaction and of reaction on defor-
mation provide an explanation for the observed
association of strain and metamorphic changes.

The amphibolitization of anhydrous Scourie
dyke mineralogies obviously involved the addition
of water. In fact, the volumes of water involved
were larger than this alone would imply. Metaso-
matic changes recorded in shear zones show that
they were fluid conduits (because of deformation-
enhanced permeability), not just fluid sinks. Beach
& Fyfe (1972) shows that potassium is more abun-
dant in Laxfordian shear zones near Scourie than
in the adjacent wall rocks; calcium is depleted
(Beach 1973). Fluids were proposed to originate
from the Laxfordian granites found to the north.
Metasomatism is widespread in the Lewisian, for
example at Torridon shearing involved loss of
potassium and gain of sodium (Beach 1976); this
suggests that, on the scale of the whole Lewisian,
deformation may have promoted fluid flow, retro-
gression and metasomatism.

Geochronology

Field based and petrographic observations can, at
best, constrain the relative order of events. Absolute
dating is essential to understand the Lewisian, but
we need to ask: what exactly does a radiometric
age mean in a metamorphic region (Cliff 1985) –
the formation of the protolith (igneous, in the case
of the quartzofeldspathic gneisses and Scourie
dykes), the metamorphism, the deformation, a
fluid influx event, or the cooling? Indeed in crust,
which has grown through magmatic accretion, can
we distinguish completely between igneous and
metamorphic events, especially in the case of
magmas added directly to the deeper crust? This
issue arises when interpreting not just the Badcallian
but also the earliest recrystallization of the Scourie
dykes, and the South Harris Igneous Complex
metamorphism. We need to appreciate that age
data are most valuable when tightly linked to field
observations and the petrographic setting of indi-
vidual dated minerals. At the time of writing,
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geochronology is the most controversial aspect of
Lewisian research. In the account we give, note
that the early work may have been re-interpreted
or superceded: and this may eventually happen to
recently obtained data too. We will not review all
dates but give a basic outline, with examples
selected to highlight current debates in
interpretation.

Development of geochronological work. The sus-
pected great age of the Lewisian was confirmed by
Rb–Sr and K–Ar ages of 2460 Ma for a Scourian
pegmatite and 1600 Ma for Laxfordian granites
and pegmatites (Giletti et al. 1961). Soon after, the
Inverian episode was defined on the basis of a
pre-dyke amphibolite-facies event overprinting
granulite facies rocks in the Lochinver area and
dated at 2200 Ma by K–Ar and Rb–Sr (Evans
1965). As explained previously, this event has
now been widely identified in the Lewisian,
though using structural rather than geochronological
information. Such dates may not relate simply to
particular geological events because of the ease
with which Ar can be gained and lost from minerals
and because Rb–Sr ages may register cooling rather
than crystallization. The U–Pb system is less prone
to those problems. The U depletion event (described
in the geochemistry section) was dated at
2900 + 100 Ma (Moorbath et al. 1969), and conse-
quently the magmatic protoliths of the Lewisian
had separated from the mantle by then. U depletion
also occurred in South Uist, Benbecula and Barra
(Moorbath et al. 1975) so was not restricted to
those areas lacking Laxfordian overprinting.
Because of problems with open-system behaviour
during cooling and reheating, attention was paid to
minerals with high retention of parent and daughter
isotopes: Pidgeon & Bowes (1972) dated growth of
zircons from granulite facies rocks using U–Pb as
2660 + 20 Ma. Sm–Nd is the final isotopic
system we mention here; it has the advantage that
it can be used on minerals such as garnet which
are part of assemblages indicative of grade. The
first use of this in the Lewisian gave 2490 Ma for
a granulite facies rock (Humphries & Cliff 1982);
although Sm–Nd has a quite a high blocking temp-
erature this is interpreted as a cooling age: hence it
could be reconciled with older zircon ages. Burton
et al. (1994) reported a Sm–Nd mineral isochron
age of 3300 Ma for amphibolites at Gruinard, candi-
date source rocks for the TTG intrusions (see geo-
chemistry section). This date was interpreted as
being shortly after differentiation from a depleted
mantle source. Being very old, this date stimulated
further work which contradicts it. Using whole
rock data, which they argue are more robust than
mineral isochrons, Whitehouse et al. (1996)

obtained a Sm–Nd age of 2943 Ma for an amphi-
bolite suite and 2846 Ma for a hornblendite-
metagabbro suite, both from Gruinard. These ages
were interpreted as magmatic.

Key protolith ages. The previous section introduced
the potential and the challenges of Lewisian geo-
chronology. Table 1 shows some key ages, with
brief notes on the authors’ interpretations. There
are some dates that are relatively straightforward
to interpret on a local level (although tectonic
interpretations may vary, we discuss these separ-
ately). For example oscillatory zoning in zircons is
interpreted as igneous and thus a U–Pb date for
the oscillatory zoned portion of a zircon, obtained
by a variety of techniques and with a variety of
caveats (Ireland & Williams 2003; Parrish &
Noble 2003), will relate to intrusion. Figure 2
shows the positions of protolith ages from Table 1.
Scourian protolith ages for TTG rocks of the Lewi-
sian cover a range from 3135 Ma (Loch Torridon)
and 3125 Ma (Isle of Lewis) through to 2680 Ma
(Northern District) – a span of 455 Ma, representing
the formation of the bulk of the Lewisian that we
see today. The present spatial distribution of ages
represents some combination of (a) igneous rocks
intruding older igneous rocks; and (b) relative
movements of pieces of crust.

The Scourie dykes yield two ages: c. 2400 Ma
from baddeleyite, and a Rb–Sr whole rock age
(Chapman 1979); and c. 2000 Ma from baddeleyite,
and from Sm–Nd mineral isochrons (Waters et al.
1990). In general field evidence shows that the ultra-
basic dykes are younger than the basic suite, but,
oddly, a picrite dyke yields the oldest age known.
Whether intrusion continued throughout this
400 Ma period (which is almost as long as the span
of Archaean TTG ages) or was episodic is unknown.

The South Harris Igneous Complex has anortho-
sites intruded at 2491 Ma with diorites, norites and
tonalites at 1890–1870 Ma, see also Whitehouse
& Bridgewater (2001). Clearly the anorthosites
cannot be genetically associated with the other
igneous rocks. From the point of view of field
relationships, the distinctive lithologies and very
high strain contacts (Graham 1980) are quite in
keeping with the large displacements required to
juxtapose diorites and norites of a ‘young’ calc-
alkaline arc (the South Harris Igneous Complex)
against ‘old’ continental material. However Mason
et al. (2004) argue that the diorites and norites
must have intruded continental crust.

On the mainland the Loch Maree Group meta-
sediments (an accretionary complex, see above)
contain detrital zircons dated at 2200–2000 Ma so
are younger than those ages; the Ard gneiss, meta-
granodiorite intrusive in the Loch Maree Group, is
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1900 Ma. Granite sheets at Loch Laxford are dated
at 1885 Ma but a sheet on South Harris is
1675 Ma, markedly younger. These are the young-
est significant protolith ages.

Metamorphic ages. Igneous ages may be used to
date, or constrain dates for, metamorphism if it is
demonstrable in the field that the igneous body is
contemporaneous with, or has a definite time
relationship to, the metamorphism. For example a
trondhjemitic sheet near Scourie dated at 2720 Ma
(Corfu et al. 1994) is interpreted as syn-granulite
facies (Cartwright 1988).

Of more general applicability is the idea that if a
mineral shows a growth stage which is interpreted to
be below its closure temperature and can be linked
to a particular metamorphic event (via textures)
then that event can be dated. Zircons commonly
show distinctive growth textures related to meta-
morphic events, and have a very high closure temp-
erature. U–Pb concordia diagrams may also show
discordant ages which are related to lead loss due
to heating during metamorphism. Thus, zircon
may be used, with care, to date metamorphism
(Parrish 2001) but a key issue is the ambiguity in
relating growth and/or lead loss to specific meta-
morphic events (Parrish & Noble 2003).

Scourian metamorphic ages include recrystal-
lized zircon rims from Gruinard Bay showing
c. 2730 Ma, interpreted as granulite facies, and
monazites (enclosed in garnets) showing 2760 Ma
near Scourie (Table 1). Monazites from less than
1.5 km from the 2760 Ma sample show 2526 Ma;
new growth of zircon in a quite fresh granulite is
dated at 2490 Ma; and zircon from a pyroxenite
grew at 2470 + 30 Ma (Kinny & Friend 1997).
The latter age is referred to as ‘Inverian’ but in its
original usage this was intended to refer to an
amphibolite facies overprint. The last two dates
are from quite fresh granulites and so it is argued
must relate to a granulite facies event. However it
is certainly the case that zircon can grow at amphi-
bolite facies (Parrish & Noble 2003). The granulite
facies region as a whole exhibits much hetero-
geneous amphibolite facies overprinting, that het-
erogeneity being determined by the supply of
water not by variations in temperature. How sure
can one be that zircon growth was not triggered at
amphibolite facies temperatures (the rock as a whole
retaining its granulite facies assemblage due to lack
of water)? Note also that the c. 2500 Ma ages are not
registered in all rock types, even those which are so
close together that they must have shared the same
P–T history (an example being the trondhjemitic
sheet from Badcall dated at 2720 Ma). Thus, in
terms of minerals dating metamorphic events,
‘absence of evidence is not evidence for absence’.

Laxfordian metamorphic ages cover a con-
siderable span. Cooling after granulite facies

metamorphism in the South Harris Igneous
Complex anorthosites was dated by Sm–Nd as
1870 +40 Ma; this agrees with zircon metamorphic
overgrowths of 1880 Ma (Friend & Kinny 2001).
Because the metamorphic ages are close to the
intrusive ages here, it is plausible that the UHT
conditions recorded represent residual magmatic
heat (Baba 2004). The granite/migmatite complex
is much later (1675 Ma).

The exclusively amphibolite facies Laxfordian
on the mainland appears much younger than the
granulite facies in the South Harris Igneous
Complex, despite the existence of an 1855 Ma
granite north of the Laxford Shear Zone. Monazites
are interpreted to have grown at amphibolite facies
at 1752 Ma. Titanites grew at 1760 Ma and
1670 Ma in the Scourie–Laxford area (U–Pb) and
were linked to hydrothermal activity related to gran-
ites (Corfu et al. 1994) although no comparable
dates are known from nearby granites. Rutile from
a Scourie dyke shows a formation or reset U–Pb
age of 1689 Ma. Note that the closure temperatures
of these minerals are not well known so there is a
chance that these are closure not crystallization
ages. Pegmatites in the Gairloch area synchronous
with Laxfordian D3 deformation are 1700 Ma
(Park et al. 2001): this is the only Laxfordian date
that can be directly linked to structures.

Disregarding low closure temperature cooling
ages, these are the youngest metamorphic events in
the main part of the Lewisian, though pseudotachy-
lites are common in the Lewisian & Sherlock et al.
(2008) find Grenville 40Ar/39Ar ages from the Gair-
loch region (1024–980 Ma). These are actually
younger than the oldest age for unmetamorphosed
Torridonian sediments, 1200 Ma (Kinnaird et al.
2007). The eclogites of the eastern part of the
Glenelg-Attadale inlier are Grenville in age (Sanders
et al. 1984; Storey et al. 2005). Remarkably, in view
of their proximity and similar grade, the eclogites in
the western part of the Glenelg-Attadale inlier are
much older, c. 1700 Ma (Storey 2002).

We noted in the metamorphic discussion that the
Lewisian has been described as undergoing slow
cooling through its history. However the Loch
Maree Group metasediments undoubtedly show a
burial cycle in the Laxfordian – the adjacent
gneisses may have experienced this too. Moreover,
the younger Scourian metamorphic ages described
in this section have been attributed to a discrete
heating event (Corfu et al. 1994). We cannot yet
be sure whether the gaps between recorded events
relate to a smooth or cyclic P–T evolution.
Figure 6 relates metamorphic conditions to dates
for three parts of the Lewisian.

Alternative tectonometamorphic interpretations.
The great variety of protolith ages together with
the heterogeneous pattern of metamorphic ages
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realized in recent years has led to the proposal that
several disparate tectonic units, ‘terranes’ (Coney
et al. 1980), have been assembled to form the Lewi-
sian, the terranes being ‘diverse packages of litho-
logically and geochronologically distinctive rocks’
(Kinny et al. 2005). One argument used is that
different ranges of protolith age must represent
different regions, though one must consider the
possibility that different generations of igneous
rock have intruded one region (Park 2005). For
example one terrane boundary runs through the
Assynt area and separates the 2960–3030 Ma ages
of the ‘Assynt Terrane’ from 2840 Ma protolith
ages of the ‘Gruinard Terrane’. To the field geol-
ogist these two terranes look rather similar. Both
have quartzofeldspathic gneisses, with granulite
facies metamorphism (less prevalent in the Gruinard
area). A particular lineament, the ‘Strathan Line’
(Kinny et al. 2005) is proposed as the terrane bound-
ary but there are no indications in the field that this is
a major shear zone. In contrast shear zones within a
single terrane (with, presumably, less displacement)
are spectacular in the field for example Canisp.
An alternative explanation for age differences is
simply that there was more than one age of intrusion

into a single piece of crust during the Archaean: the
implied contacts between different suites of TTG
rocks now being transposed or obscured by later
deformation.

Now consider the metamorphic ages: the
2490 Ma event in the Assynt terrane (described in
the previous subsection) contrasts with the 2730
Ma metamorphic age in the Gruinard Terrane –
the absence of a 2490 Ma record implies a large
separation between the terranes at this time (Kinny
et al. 2005). Regional metamorphism, by definition,
is governed by thermal evolution at crust/orogen
scale, and one expects variations in P–T history
only over large distances, unless there are major tec-
tonic contacts. However, the previous section gave
examples of rocks near to each other, with no possi-
bility of a terrane boundary between them, which
register different events. The trondhjemitic sheet
from Badcall dated at 2720 Ma via zircon (see
above) does not register the 2490 Ma event seen in
adjacent rocks (Table 1); the monazites from near
Scourie dated at 2760 Ma do not register the
2526 Ma event recorded in nearby monazites. Con-
sequently the apparent absence of a metamorphic
event cannot unequivocally be used to deduce that
that event did not happen.

Alternative models with fewer disparate tectonic
units can be proposed (Park 2005). There is no doubt
that large relative movements are involved during
the evolution of the Lewisian – the intense strain
in the Laxfordian is itself evidence for such move-
ments. The question is whether, to explain and
accord with geochronological, structural and meta-
morphic data, really large displacements are
required along rather specific boundaries. Such dis-
placements are easiest to justify when very different
rock types are involved, such as the Loch Maree
Group metasediments above TTG gneisses. The
South Harris Igneous Complex has very distinct
character, and is described as an accreted terrane
in Park’s deliberately conservative model; yet
even here an alternative model exists in which the
diorites and norites are intruded into existing crust
rather than accreted to it (Mason et al. 2004). The
possibility that the Laxford Shear Zone is a terrane
boundary is discussed in detail in this volume
(Goodenough et al. 2010).

We conclude by reiterating the fact that the be-
haviour of minerals used in dating is complicated
and not fully understood; this reinforces the need
to take field and petrographic data into account
when evaluating the significance of dates in the
Lewisian and elsewhere.

Geophysics

Insights into crustal structure. Refraction surveys
show mid-crustal P-wave (check) velocities of
6.55 m s21 and lower crust 6.7 m s21 (Powell &
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Barnicoat (1989) except Scourie dyke ages span 2.0–
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figure in view of current uncertainty about possible
multiple granulite facies events in the Scourian. South
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Loch Maree Group shown as a single PT estimate (Droop
et al. 1999) with a speculative age, plus an indication that
those sediments were deposited later than 2.2 Ga, to
emphasize the difference to Scourie.
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Sinha 1987; Kelly et al. 2007). This suggests that the
crust becomes more basic downwards, though
obviously these are average values, and seismic
anisotropy will influence interpretation (Barruol
& Mainprice 1993; Rudnick & Fountain 1995).
In one Cenozoic dyke on Lewis, lower crustal
xenoliths are brought up (Menzies et al. 1986;
Macdonald & Fettes 2007): they comprise mafic
garnet-free granulites and mantle peridotites. The
former are compatible with the lower crustal vel-
ocities. Reflection profiles show a rather featureless
upper crust but a lower crust (from 12 km to the
Moho at 26–29 km) replete with seismic reflectors
(Smythe 1987). The Outer Hebrides Fault Zone
can be traced as an east-dipping set of reflectors
down into the middle crust. Gravity and magnetic
data allow the shallow-depth extrapolation of
major lithological boundaries in the Lewisian
(Hall 1987). All of these works give insight into
the present day geometry of the Lewisian crust:
they do not provide firm evidence allowing us to dis-
tinguish between models for Lewisian evolution
invoking originally thick Scourian crust or igneous
underplating through the Proterozoic.

Large scale movements and plate tectonic setting.
Palaeomagnetism may in principle give information
on crustal movements if contrasting remanence
vectors of equivalent ages are found. For example
Piper (1992) shows how such data, together with
matching of aeromagnetic anomalies, support
c. 95 km of (presumed Caledonian) sinistral strike
slip in the Minches. Scourie dyke trends provide a
comparable estimate (Lisle 1993). Remanence is
often acquired during cooling so the directions
recorded relate mainly to cooling after the Laxfor-
dian event: they vary regionally but, apart from
the above result, variations relate to the complex
details of magnetic carrier mineralogy.

On a much larger scale, palaeomagnetism contri-
butes towards reconstructions of the positions of
major cratons. A plausible palaeomagnetic recon-
struction at c. 1350 Ma (Buchan et al. 2000)
places the Proterozoic continent of Baltica against
the eastern margin of Laurentia, close to the posi-
tion of the Lewisian fragment (Fig. 7) but in an
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orientation c. 908 anticlockwise from its mid-
Phanerozoic position. Thus Palaeoproterozoic
events and structures in Greenland, Labrador and
Baltica have a direct relevance to the Lewisian
(Table 2). In particular there are deformed belts
formed at c. 1.91–1.84 Ga in Greenland (the
western and eastern Nagssugtoqidian) and in
Baltica (the Lapland-Kola) as shown on Figure 7,
and in Labrador (the Torngat), It has in the past
been proposed that these belts were ‘intracratonic’
in that they formed by localized shortening within
a contiguous region. It is now recognized that they
were collisional orogens hosting subduction-related
calc-alkaline plutons (Kalsbeek et al. 1993; Park
1994). During the same period, major subduction-
related crustal growth occurred in the Svecofennian
belt on the southeastern side of Baltica.

Following on from the period of cratonic amal-
gamation, a major phase of subduction-related
crustal growth took place in both Laurentia and
Baltica at the margins of the combined continental
mass from c. 1830 Ma to c. 1600 Ma in the Ketili-
dian & Gothian belts (Fig. 7) and also in the Labra-
dorian and Makkovik belts (Park 1991, 1994;
Gower & Krogh 2002).

We should expect the Lewisian to fall into this
general framework. The Loch Maree Group and
South Harris Igneous Complex then represent
igneous activity and sedimentation related to a
closing ocean, with igneous intrusion and meta-
morphism close together at c. 1900 Ma. The
‘main’ Laxfordian deformation, D2, associated
with flat-lying fabrics and a NW–SE lineation has
not been dated but plausibly that relates to the
same oceanic closure. Material both above and
below the suture is heterogeneously deformed
during the Laxfordian. The Laxford Shear Zone is
not likely to have accommodated huge movements
during the Laxfordian, so does not represent a
Laxfordian suture – it is probably Inverian

(Goodenough et al. 2010) – consequently the differ-
ence between the Laxfordian of the Central and
Northern Districts is due to heterogeneous strain in
what was a single body of continental material.
Similarly, the strain gradient at Loch Torridon
does not, in the field, appear to include a major
suture, and the area exemplifies strain heterogeneity
on all scales [e.g. fig. 2 of Wheeler (2007)].

The late Laxfordian D3 deformation seems to
relate to NE–SW shortening and is substantially
younger (c. 1700 Ma). The structures may be
explained by an approximately north–south-
orientated compressive stress. Park (1994, 2005)
relates this tectonothermal event to the formation
and subsequent collision of a marginal volcanic
arc co-extensive with the contemporary Gothian
belt of Baltica (Fig. 6) and the Labrador belt in Laur-
entia. The Laxfordian D3 event did not form new
fabrics on the large scale, hence in Figure 6 the
Lewisian is shown as outside the ‘main’ part of
the Gothian-Ketilidian belt.

Whatever the precise assignment of subareas to
the lower and upper Laxfordian plates, it seems
that both experienced the Inverian, both experi-
enced intrusion of a dyke swarm, and where unde-
formed those dykes in the final assembly have a
rather consistent NW–SE trend.

Summary of Lewisian evolution

We offer an outline only, and it should be recalled
that ‘the Lewisian’ as we see it today may have
been assembled in disparate localities as well as at
different times.

Early Scourian

The earliest rocks are metabasites with associated
metasediments – some of which could be fragments

Table 2. Tectonic units in the North Atlantic area (see also Fig. 6) with broad ages of Palaeoproterozoic
deformation and magmatism (Park 1995, 2005)

Calc-alkaline igneous
activity (Ga)

Main deformation
(Ga)

Abbreviation on
Figure 6

Colour on
Figure 6

North Atlantic Craton, Central
Greenland Craton, Karelian
Craton, Kola Craton

Archaean Archaean NAC, CGC,
Karel, Kol

Pink

Svecofennian belt 1.89–1.88 1.9 Orange
Lapland–Kola belt 1.9–1.87 Lap/Kol Orange
Nagssugtoqidian belt

(¼ Laxfordian D2?)
1.92–1.88 1.87–1.85 Nag Orange

Ketilidian/Malin belt 1.80–1.76 1.8–1.76 Ket Yellow
Gothian belt including the

Trans-Scandinavian Igneous
belt (¼ Laxfordian D3?)

1.83–1.62 1.75–1.5 Goth Yellow
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of Archaean oceanic crust. This crust was metaso-
matized during subduction, losing U, Th and K. It
melted at c. 20 kb, creating voluminous TTG
magmas (at 3000–2900 Ma), which themselves
had low U, Rb, Th and K and are found in the
Central District and southern Outer Hebrides. At
other times and/or in other places, crust was sub-
ducted with a variety of dip angles, and was not
always depleted prior to melting. Similar magmas,
though not depleted in those LIL elements, intruded
at 3100 Ma in the Outer Hebrides and Southern
Districts and at c. 2800 Ma in the Northern Dis-
trict, though all districts have a span of TTG ages.
Associated with this early crust-forming event was
the formation of the subcontinental lithospheric
mantle. Structural arguments that the crust
deformed by subhorizontal shear in the Laxfordian,
and general analogies with Phanerozoic orogens,
indicate the possibility of large horizontal move-
ments which can displace crust sideways from the
lithospheric mantle it was originally above. Never-
theless it seems that the Scourie dykes (which
provide isotopic evidence for the age of their
source) formed above lithospheric mantle which
has the same age as the earliest Scourian crust.

Deformation forming early (Badcallian) banding
and fabrics accompanied the peak metamorphic
granulite facies metamorphism, which is substan-
tially later than TTG formation in all parts of the
Lewisian where it is seen. In the Gruinard area
mafic rocks crystallized at 2800 Ma or earlier but
granulite facies metamorphism occurred at
2700 Ma. In the Central District (Scourie region) a
2760 Ma granulite facies event is documented in
monazites. There are several metamorphic dates
near 2500 Ma from the Central District, which are
suggested to relate to a later granulite facies event.
In the Torridon area and further south, there is no
firm evidence for Scourian granulite facies but it is
present in the Outer Hebrides above the Outer
Hebrides Fault Zone.

Pressure estimates indicate that the granulite
facies rocks we see now at the surface were once
at .30 km depth, and there is another 30 km or so
of crust beneath them now, so it is possible that
there was a 70 km-thick crust in the Badcallian,
with the present exposure level in the middle. As
these rocks are mostly very low in heat-producing
elements, radiogenic heating is unlikely to account
for the metamorphism. Magma addition could pro-
duce not only thickening but also heat – however
it is worth remembering the time gap between the
youngest TTG ages and the granulite-facies ages
in all Scourian regions. Alternatively, as in Phaner-
ozoic orogens, the high grade rocks found at the
surface are the result of thrust-related uplift
(which could equally be referred to as tectonic
underplating) coupled to unroofing by erosion

and/or tectonic extension. The widespread occur-
rence of granulites in Archaean cratons led O’Hara
(1977) to prefer ‘non-tectonic’ (i.e. igneous) under-
plating. He argued that the granulites were initially
not far above the Moho: as a consequence most of
the present thickness of the crust would have been
added later. We do not dismiss the possibility of
magmatic underplating but as discussed in the meta-
morphic section, there are limits to what it can
explain. It cannot produce the juxtaposition of
rocks with different P–T– t histories, nor can it
explain repeated uplift and reburial; we therefore
prefer the tectonic explanation.

Later Scourian

There is limited petrographic or field evidence for
two granulite facies events in the Central District.
Instead, there is abundant evidence for amphibolite
facies overprinting which preceded the Scourie
dykes – the ‘Inverian’ event as diagnosed from
field criteria. Whether the term should be rede-
fined as a time period, including the postulated
second granulite facies event, or restricted to refer
to amphibolite facies episode, is a matter of
nomenclature.

The major question is how c. 2500 Ma dates in
granulite-facies rocks can be reconciled with field
and petrographic information that suggest an
amphibolite-facies event prior to Scourie Dyke
intrusion, which started at 2400 Ma. As defined on
field criteria, the Inverian has a systematic structural
style: steep NW–SE shear zones formed at amphi-
bolite facies, retrogressing anhydrous rocks if they
were the local precursors. Associated is the static
retrogression of granulites to amphibolites in the
Central District, so large amounts of water were
added to the present exposure level at this time.
Pressure is substantially less than 10 kb, a result of
the first stage of gradual unroofing of the Badcallian
complex. The Inverian itself could plausibly have
caused the Badcallian granulites to be thrust over
lower-grade rocks on a ductile ramp-flat system
(Coward 1984): tectonic underplating assisting the
uplift and unroofing of the granulites. Inverian
shear zones include the Canisp Shear Zone which
is within what is usually considered a coherent
piece of crust, and should be contrasted with the
Laxford Shear Zone, which separates quite different
pieces of crust and may relate to docking of those
different terranes late in the Scourian (Goodenough
et al. 2010).

The Inverian may be as important as the Laxfor-
dian in terms of deformation, but its effects are
partly masked by that later stage and so are difficult
to unravel. Where fabrics in quartzofeldspathic
gneisses are parallel to completely foliated Scourie
dykes, as in the Northern District and Outer
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Hebrides, there are no field criteria allowing the two
events to be separated.

Scourie dykes

The Scourie dyke swarm is NW–SE trending and
dominated by quartz tholeiites derived by melting
of enriched subcontinental lithospheric mantle. It
represents NE–SW crustal extension and span
2400–2000 Ma; ultrabasic dykes arrived late in
the sequence according to field criteria but yield
an early date. Intrusion geometry was commonly
controlled by NW–SE Inverian fabrics where
those were present: dykes appear to have been
thinner, and to anastomose more, in such areas,
but roughly the same dyke trends exist regardless
of wall rock structures. In areas of control by steep
Inverian structures, the dykes are subvertical (i.e.
sill-like) but are also subvertical when seen far
from areas of Inverian deformation.

Dykes often have a static amphibolite facies
overprint, but those may be cut by fresh dykes, as
if the Inverian episode of water addition was conti-
nuing. Other dykes have autometamorphic garnet or
two pyroxene metamorphic assemblages indicating
intrusion into hot country rock: overall then we
are looking at considerable depths and wall rock
temperatures despite the obvious brittle failure
involved in intrusion. There is no evidence for
any ambient pressure change from the earliest to
the latest dykes, so there must be a limit on the
amount of erosion that occurred during this
400 Ma time interval.

Early Laxfordian

Just after the youngest known Scourie dyke, the
Loch Maree Group metasediments and calc-alkaline
rocks of South Harris formed and were incorporated
into a Laxfordian orogen. Figure 4c, d show a
simple (two plate) model for the early Laxfordian
structures. Park (2005) argues that a SE plate was
subducted under a NW plate. NW–SE directed
ductile overthrusting created crustal-scale shear
zones throughout much of the Lewisian.

The Loch Maree Group lies beneath basement
rocks that must have been thrust over it during the
Laxfordian and the simplest explanation for its
metamorphism is burial and conductive/radioactive
heating. Thus, the early Laxfordian involved burial
and progradation in the style of a Phanerozoic
orogeny. It is rather hard to envisage the footwall
rocks to the Loch Maree Group being at amphibolite
facies when the Loch Maree Group was emplaced
into its present position. The Loch Maree Group,
an accretionary complex, is likely to have been
structurally higher than the middle-lower crust of
the Lewisian continental margin over which it was

emplaced. Instead, it is more likely that the footwall
had been exhumed to high crustal levels before the
Laxfordian, and was then tectonically buried,
heated and deformed just as was the Loch Maree
Group above it. Figure 4c shows most deformation
occurring in the footwall to this main suture; defor-
mation occurred at amphibolite facies throughout
the levels exposed today on the mainland, and
Scourie dykes were transposed parallel to Laxfor-
dian wall rock foliations. A single granite sheet
north of the Laxford Shear Zone is known to be of
this age.

The main Laxfordian fabrics on the mainland are
on a large scale closely related to the Inverian ones.
This is due to the transposition of Inverian fabrics
during Laxfordian strain, and to the behaviour of
dykes as easy-slip horizons leading to a coincidence
in lineation directions (Wheeler et al. 1987).

In the Outer Hebrides, the calc-alkaline nature of
the South Harris Igneous Complex suggests that it
belongs to the upper plate, regardless of whether it
was an island arc or was intruded into adjacent
rocks. It experienced granulite facies metamorph-
ism at 1880 Ma; there is no evidence for this in
the TTG gneisses and, if they really did not experi-
ence it, there must be large relative movements
between the South Harris Igneous Complex and
the TTG gneisses. Figure 4c interprets the South
Harris Igneous Complex as part of a larger nappe,
thrust over pervasively deformed lower plate rocks
[but carrying the South Uist granulites above it
(Park 2005)]. The remaining outcrop is interpreted
as synformal as a result of D3 (the antiformal
closure of the anorthosite body may have been
established earlier, and hence is not diagnostic of
the overall South Harris Igneous Complex geome-
try). Coward (1984) linked the overthrusting of a
hot granulite facies nappe to the formation of the
migmatite complex in its footwall. New dates
show that those migmatites are 200 Ma younger
and cannot be related in that fashion. However
emplacement of such a nappe would undoubtedly
have led to temperature rise in its footwall, by down-
wards heat conduction and by providing thermal
insulation. Pursuing that argument, the footwall
rocks would have been colder than amphibolite
facies prior to the overthrusting, and experienced a
prograde path, though there is no direct evidence
for this. Moreover, the footwall rocks did not experi-
ence granulite facies so the South Harris Igneous
Complex nappe must have been partly unroofed
prior to emplacement: a common phenomenon in
Phanerozoic orogens.

Later Laxfordian

Late Laxfordian NW–SE trending folds and dextral
shear zones (D3) that overprint the main Laxfordian
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fabrics (D2) are associated with syntectonic pegma-
tites, dated at 1700 Ma, considerably post-dating
South Harris Igneous Complex metamorphism (at
c. 1850 Ma) suggesting a separate event. The D3
structures involved roughly north–south shorten-
ing, in places partitioned into steep dextral shear
zones. There is no D3 suture in the main outcrop
of the Lewisian. However, the scale of folding
shown in D3 (Fig. 4) is quite considerable, and
there must have been ductile shear zones at depth
on which these folds detached, so significant
thickening of the crust is implied. It has been
suggested by Park (1994) that these D3 structures
may be related to collision with an arc or small
terrane further south (Fig. 7). Monazites record a
1750 Ma amphibolite facies event near Scourie
and migmatization occurred in the Uig Hills –
Harris Granite Complex. The causes of amphibo-
lites facies metamorphism and migmatization
remain to be clarified but significant crustal thicken-
ing is expected to have had thermal consequences.

On the mainland, NW–SE folds are present in
the Northern and Southern Districts. The low
strain zone at Torridon presents a problem in
interpretation. The Loch Maree Group is clearly
folded (Fig. 4b) as is its immediate footwall. The
Gairloch geometry suggests an isoclinal fold. If
the original base of the Loch Maree Group nappe
was subhorizontal then it, and the adjacent rocks
to the south, would have been rotated 908.
However the Scourie dykes just to the south are
still subvertical. For this reason we propose a D3
shear zone juxtaposing the Ruadh Mheallan block
(in its original attitude) next to the Loch Maree
Group (tightly folded). This is just one of several
options for the structural evolution of this area.

These events established the main Lewisian
features in the form we see them today, apart from
the removal of another 15–20 km of material to
exhume the Laxfordian amphibolite facies rocks, a
process complete when the earliest Torridonian
rocks were deposited prior to 1200 Ma (Kinnaird
et al. 2007). Younger than that, isolated Grenville
ages relate to pseudotachylites along certain faults,
and to eclogites in the Glenelg-Attadale Inliers.
Caledonian and later deformation affected the
Outer Hebrides Fault Zone and led to 80–90 km
of sinistral offset along the Minches.

Some unanswered questions concerning

Lewisian evolution

Several questions posed 20 years ago by Sutton &
Watson (1987) remain unanswered. A survey of lit-
erature since then shows a dominance of new radio-
metric dates, with a relatively small contribution
from structural and metamorphic studies. There is

a limit to the extent to which these scientific
strands are integrated with each other and we are
optimistic that further advances can be made if
this integration is addressed.

Clearly the new dates from the Lewisian have
stimulated much thinking on its evolution.
However, there are few direct ways to date a
structure: cross-cutting dateable intrusions are
most useful but not always available. Much recent
dating has not had a link to structures as defined
on field criteria. Consequently, we still have no
direct date for the single most major event to
affect the Lewisian – the widespread early Laxfor-
dian event giving rise to huge strains across much of
the mainland and almost all the Outer Hebrides,
metamorphosing and transposing the Scourie
dykes. The 1880 Ma metamorphic age from the
South Harris Igneous Complex is key, but relates
to a small area of anomalous lithology, structure
and metamorphic grade. An improved understand-
ing of how deformation affects isotopic systems
would assist progress in this area.

The same issue arises with linking dates to
metamorphic events. Multiple events are postulated
even within small areas, such as the two granulite
facies episodes near Scourie (based on monazite
and zircon ages). How can these episodes be
identified on a scale larger than a thin section?
Are the ‘dominant’ granulite facies assemblages
of the Central District, documented a century ago
in the Memoir, related mainly to the first or
second event?

Part of the problem is that in the past, P–T work
was mainly carried out on mafic rocks, which are
not amenable for dating (U-poor) whilst most
dating has been done on felsic rocks, whose meta-
morphism is harder to constrain. There is almost
no published work on the metamorphism of the
dominant quartzofeldspathic rock type nor, indeed,
on the amphibolite facies Scourie dykes. The
advances in metamorphic modelling of equilibrium
assemblages, in understanding how major element
zoning in minerals may be linked to process and
timescales, and in how isotopes behave during
metamorphism, which have been made in the last
20 years are surely of value to future Lewisian
research – and could assist specifically with these
dominant lithologies. The role of fluids in Lewisian
metamorphism should not be ignored. Great
amounts of water were added to the Central District
during the Inverian episode, and everywhere during
the Laxfordian to hydrate the dykes and cause
pervasive amphibolitization in areas of previously
granulite-facies gneisses. The source of this water
is still problematic.

Finally, in terms of crustal growth, we know
now that TTG magmatism occurred from 3100
through to 2700 Ma, but was this episodic and did
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it affect disparate regions not originally close
together? We do not know the geometries of mag-
matic bodies and whether they underplated earlier
crustal rocks. The SCLM has been probed via
Scourie dyke geochemistry but the tectonic picture
of the Laxfordian implies that the Central District
may be allochthonous, and displaced from the
SCLM it was above at the time of dyke formation.
There is much scope for geochemical and tectonic
views of the Lewisian to become more integrated.

We thank M. Krabbendam and R. Strachan for their
reviews, and R. Graham for comments.
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On the difficulty of assigning crustal residence, magmatic protolith

and metamorphic ages to Lewisian granulites: constraints from
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Abstract: Zircons from two granulite facies gneisses from the central region of the Lewisian
Complex have been investigated by high spatial resolution ion-microprobe U–Pb dating and
laser ablation combined Pb–Hf isotope methods. The ion-microprobe data reveal a complex
pattern of zircon ages distributed along the concordia curve between the time of granulite facies
metamorphism at c. 2.5 Ga and the oldest zircon in each sample (respectively 2.89 Ga and
3.04 Ga). This Pb-loss pattern complicates assignment of an unambiguous magmatic protolith
age to the zircon although cathodoluminescence (CL) imaging is used to suggest a preferred
age of c. 2.85 Ga for both samples, with older grains being inherited. In situ Hf isotopes show a
larger spread in the sample containing older grains which is also consistent with inheritance
and further suggests that several crust extraction events are represented in the inherited population.
Comparison of Hf isotope compositions with plausible model evolution curves suggests that crustal
precursors to the Lewisian granulites were derived from their mantle source at c. 3.05–3.2 Ga.

Supplementary material: Analytical methods and data tables are available at: http://
www.geolsoc.org.uk/SUP18395

The Lewisian Complex of NW Scotland (Fig. 1) has
long played a key role in models for the evolution of
Precambrian high-grade gneiss terranes. This is due
in no small measure to the pioneering mapping and
profound insights of the Geological Survey High-
lands team at the turn of the 20th century culminat-
ing in the classic NW Highlands memoir (Peach
et al. 1907). On the basis of a suite of dykes which
were recognized as having intruded after formation
of gneissic banding but prior to later movements,
these workers established a tripartite division of
the mainland outcrop of the Lewisian gneiss (as
they then termed it) into northern (north of Loch
Laxford), central (between Loch Laxford and Grui-
nard Bay) and southern regions which is essentially
still in existence, albeit somewhat modified. Their
methodology was mirrored in the classic work of
Sutton & Watson (1951) who further developed
techniques of studying such complex rocks that
have become commonplace. In a notably prescient
passage, Peach et al. (1907, p. 44) stated

. . . it is clear . . . that the Lewisian gneiss is not a geo-
logical formation in the ordinary sense of the word.
Even if we exclude from it the later dykes and sills,

there still remains a petrographical complex which
future research will probably separate into its
component parts.

Almost contemporaneous with Peach et al.’s
geological mapping, Henri Bequerel’s discovery
of radioactivity laid the foundation for modern
methods of radiometric dating that would provide
the means to test and develop their observations in
a quantitative framework. The earliest radiometric
dating studies using K–Ar (Holmes et al. 1955) pro-
vided minimum ages for the Lewisian of around
1 Ga but were hampered by inaccurate decay con-
stants and large analytical uncertainties. Later
investigations using the Rb–Sr system (Giletti
1959; Giletti et al. 1961) established a broad div-
ision into the late-Archaean (‘Scourian’) and mid-
Proterozoic (‘Laxfordian’) metamorphic events
that was not significantly different from our knowl-
edge today. By the mid 1970s, a late-Archaean age
for the earliest high grade metamorphism of the
gneisses was well-established by whole-rock Pb/
Pb (Chapman & Moorbath 1977) and zircon U–Pb
methods (Pidgeon & Bowes 1972). Development
of the Sm–Nd method in the late 1970s provided

From: LAW, R. D., BUTLER, R. W. H., HOLDSWORTH, R. E., KRABBENDAM, M. & STRACHAN, R. A. (eds) Continental
Tectonics and Mountain Building: The Legacy of Peach and Horne. Geological Society, London, Special Publications,
335, 81–101. DOI: 10.1144/SP335.5 0305-8719/10/$15.00 # The Geological Society of London 2010.



the first means to ‘see through’ early metamorphism
and date the crust-mantle differentiation directly,
testing the then prevailing model of ‘crustal accre-
tion differentiation superevents’ (Moorbath &
Taylor 1981) which predicted that separation of

igneous precursors from a mantle source region
should have occurred c. 100–200 Ma prior to the
earliest metamorphic event. In its first application
to the Lewisian gneisses, Sm–Nd systematics indi-
cated a mantle separation age of 2920 + 50 Ma
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Fig. 1. Map of the mainland Lewisian complex outcrop area showing broad division into regions as recognized by
Peach et al. (1907, p. 44) and terrane/block nomenclature after Kinny et al. (2005) and Park (2005) in red italics for the
region north of the Gruinard Belt (note that the boundary between the Assynt and Gruinard terrane/block differs
between these two studies and is not precisely located on this map). LSZ, Laxford Shear Zone; GB, Gruinard Belt; SL,
Strathan Line; Ky and GE, location of central region granulite facies gneisses Lew99-Ky and Lew99-GE investigated in
this paper.
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(Hamilton et al. 1979). This Sm–Nd isochron,
however, combined whole rock samples from the
northern and central regions as well as felsic and
mafic gneisses that were demonstrably non-
cogenetic. Whitehouse (1988, 1989) applied the
bulk-rock Sm–Nd method separately to suites of
tonalite-trondhjemite-granodiorite (TTG) samples
from the Scourie and Gruinard Bay parts of the
central region and the northern region as well as a
series of mafic-ultramafic enclaves. Despite large
errors on regression ages from the TTG gneisses
due to limited spread in Sm–Nd ratios, data from
the granulite facies gneisses from Scourie were
interpreted in terms of granulite facies Nd-isotope
rehomogenization at 2660 + 155 Ma (Whitehouse
1988), with the initial 1Nd value of 22.4 + 1.9
pointing to a lengthy pre-metamorphic crustal resi-
dence. Using average depleted mantle model ages
(tDM) as an indicator of regional crustal residence
age, Whitehouse (1989) proposed that the precur-
sors to the central region gneisses with an average
tDM of 2.93 Ga separated from mantle almost
150 Ma earlier than the northern region gneisses
which yielded an average tDM of 2.78 Ga, indicating
significant differences in crustal history across the
major boundary recognized to the south of Loch
Laxford (the Laxford Shear Zone – see Goode-
nough et al. 2010) by Peach et al. (1907) and
Sutton & Watson (1951).

Against this backdrop of whole-rock isotopic
studies, the 1990s saw the application of increas-
ingly sophisticated U–Pb dating methods to solve
the problem of magmatic protolith age and meta-
morphic reworking in the Lewisian. High-precision
isotope dilution thermal ionization mass spec-
trometry (TIMS) measurements on zircon revealed
metamorphic episodes in the Scourie region at
�2.71 Ga and 2.49 Ga (Corfu et al. 1994), the
younger age also having been recorded by mineral
Sm–Nd systematics (Humphries & Cliff 1982).
The high spatial resolution ion microprobe (or sec-
ondary ion mass spectrometry, SIMS) method
applied to zircon grains whose internal structures
had been imaged by cathodoluminescence (CL)
also revealed a 2.49 Ga age for a metamorphic
event and, by targeting cores in polyphase zircon,
was used to suggest magmatic protolith ages of
c. 2.96–3.03 Ga for central region gneisses
(Friend & Kinny 1995; Kinny & Friend 1997), at
the same time revealing significantly younger
protolith ages for the northern region gneisses
(c. 2.84 Ga) consistent with the observations from
bulk-rock Sm–Nd isotopes (Whitehouse 1989).

Derivation of 3.03–2.96 Ga protolith ages from
central region granulite facies gneisses (Friend &
Kinny 1995; Kinny & Friend 1997) was largely
based on the principle of taking the oldest concor-
dant 207Pb/206Pb age(s) as the age of the magmatic

protolith and assuming that younger ages represent
variable degrees of Pb loss during the later
c. 2.5 Ga event and a possible unresolved intermedi-
ate age event (e.g. that of Corfu et al. 1994). This
approach generally assumes that there are no inher-
ited components in the protolith magma, although in
the case of one sample examined by Kinny & Friend
(1997), a single 207Pb/206Pb age of 3115 Ma from a
rounded core in an otherwise 2.93–2.97 Ga grain
was interpreted as inherited. Consideration of the
SIMS U–Pb datasets presented in these earlier
studies shows that in some cases, a cluster of
younger ages occurs at c. 2.8 Ga, comprising the
dominant pre-2.5 Ga population in two samples
(GST9 and GST12) as well as a major component
of a third (GST8). In another sample (GST10), the
c. 2.8 Ga cluster is largely absent, with .2.9 Ga
grains dominating the age spectrum, while the
most complex sample (GST11) shows three age
groups at c. 2.8, 2.87 and 2.95 Ga respectively. On
the basis of these data, an alternative interpretation
is that at least some of the samples have a magmatic
protolith age of c. 2.8 Ga, with .2.8 Ga represent-
ing inheritance. Only the sample with dominant
.2.9 Ga grains (GST10) appears to present a rela-
tively strong case for a c. 2.95 Ga protolith. In all
cases, however, the total number of grains analysed
from each sample is too small (,20) to assign stat-
istical significance to any of the age groups.

A �2.71 Ga metamorphic event recognized in
zircon U–Pb systematics by Corfu et al. (1994) is
consistent with ion microprobe U–Pb studies of
monazite (Zhu et al. 1997) as well as a number of
earlier whole rock Sm–Nd (Whitehouse 1988,
1989), mineral Sm–Nd (Humphries & Cliff 1982)
and Pb/Pb (Chapman & Moorbath 1977; Cohen
et al. 1991) studies. On the basis of their ion-
microprobe data set, however, Friend & Kinny
(1995) considered it impossible to say whether a
discrete event at c. 2.7 Ga event actually occurred
in their investigated central region granulites,
although they did not provide any alternative expla-
nations for the aforementioned observations beyond
vaguely assigning the monazite ages of Zhu et al.
(1997) to the possible onset of granulite facies meta-
morphism. Subsequent development of the terrane
model for the Lewisian (Love et al. 2004; Kinny
et al. 2005), subdivided the central region into the
Assynt (northern) and Gruinard (southern) terranes,
in part by summarily dismissing evidence for a
c. 2.7 Ga event in the former. In contrast to the
general acceptance of broad differences between
the central and northern region gneisses across the
Laxford Shear Zone (Park 2005; Goodenough
et al. 2010), vigorous debate continues on the exist-
ence and significance of an early c. 2.7 Ga meta-
morphism within the central region itself, as well
as the re-assignment of previously recognized and
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named events to specific ages in the Lewisian
terrane model (Kinny et al. 2005; Corfu 2007;
Friend et al. 2007).

In this paper, we present U–Pb zircon age data
from two granulite facies gneisses from the central
region (Assynt terrane) that are considered to be
close equivalents of two previously investigated
samples. We adopt an identical methodology to
Friend & Kinny (1995), namely CL-imaging
guided SIMS, applied to a significantly greater
number of grains in order to detect possible
peaks in the pre-2.5 Ga spectrum that might
relate to magmatic protolith age. The existence of
a possible c. 2.7 Ga metamorphic event will also
be addressed by these data. Additionally we
present the first Hf isotope data from the Lewisian,
obtained using laser ablation ICP–MS on the
SIMS-dated zircons. The Hf-isotope data aid
interpretation of the complex zircon U–Pb sys-
tematics and provide new constraints on the age
and composition of the source components for
the Lewisian tonalites.

Sampling

Two samples of granulite facies tonalitic gneiss
were collected from similar localities to samples
documented by Friend & Kinny (1995), Kinny &
Friend (1997) and Corfu et al. (1994). However,
since both samples were collected before the
routine availability of precise GPS navigation,
exact equivalence to previously described samples
cannot be assumed.

Sample Lew99-Ky is a granulite facies tonalitic
gneiss collected at Kylestrome from a small road-
side outcrop (possibly previously quarried) approxi-
mately 100 m to the NW of the disused Loch
Glencoul ferry ramp (Great Britain Ordnance
Survey grid reference NC22863427). This is the
assumed to be the same quarry sampled by
Pidgeon & Bowes (1972, sample RC287) and
Friend & Kinny (1995, sample GST12) although
both of these papers quote an apparently erroneous
grid reference that is c. 80 m to the west of the
ferry ramp on the low water mark shoreline.

Sample Lew99-GE is a granulite facies tonalitic
gneiss collected from Geodh nan Eanruig (Scourie-
more) in the vicinity of tonalitic gneiss samples pre-
viously described by Kinny & Friend (1997, sample
GST10) and Cohen et al. (1991, sample 043) at grid
reference NC142442. Based on an annotation in the
1996 Metamorphic Studies Group field guide, it is
likely that these earlier sample sites are within a
few metres of each other. The precise sample
location is at the base of a small NW facing overhan-
ging cliff c. 30 m to the SE and approximately 3 m
higher than a prominent flat outcrop of pegmatite.

This same location showed signs of recent hammer-
ing and is probably one of the previous sample sites
noted above.

Results

Zircon characteristics and SIMS

U–Th–Pb results

Lew99-Ky. Zircon separated from Kylestrome
sample Lew99-Ky range in size from ,100 to
.300 mm, are equant to elongated with
length:width ratios up to c. 3:1 and generally have
a sub-rounded habit typical of high-grade meta-
morphic zircon. Cathodoluminescence imaging
(Fig. 2a and Supplementary Material) reveals
complex internal structures resulting from the poly-
phase history of the host rocks. Irregularly shaped
CL-dark cores are found in most grains, some with
oscillatory zoning (e.g. grains 24, 70). In some
cases, possible polyphase cores are also evident
(e.g. grains 12, 15). Cores are ubiquitously over-
grown by a CL-medium-bright overgrowth which
truncates zoning in the cores (e.g. grains 17, 24,
45). The rims generally lack internal growth
zoning, instead exhibiting faint, irregular structures.
Most grains also preserve an extreme outer rim just
a few mm thick that is slightly darker in CL response
and, in some cases (e.g. grain 34) is continuous with
apparent annealed fractures. A number of grains are
CL-medium (apparently) single phase, although it
cannot be ruled out that these also contain cores
below the level of polishing.

A total of 76 zircon grains were analysed by
SIMS for U–Th–Pb, with 120 spot analyses per-
formed in the distinct growth zones. Post-analytical
imaging revealed that, in a few cases, the analytical
spot sampled across two growth zones; these ana-
lyses are noted in the Supplementary Material and
are not considered further. Cores range widely in
U concentration from c. 15–800 ppm with Th/U
mostly in the range 0.4–1.3, rims and single phase
grains have a more restricted U concentration
range from c. 10–30 ppm but with similar Th/U
ratio to the cores (Fig. 3a). On a concordia
diagram (Fig. 4), the data spread along concordia
between a maximum core 207Pb/206Pb age of
c. 2890 Ma and an age of c. 2500 Ma defined by
the majority of the rim and single-phase analyses.

Considering first the core analyses (n ¼ 62), the
spread observed in these down to c. 2500 Ma
(Figs 4a & 5a) most likely results from at least
one episode of Pb-loss which, in some cores with
ages as low as 2500 Ma, has been effectively com-
plete. This extreme Pb-loss is consistent with the
2.5 Ga event being the main granulite facies meta-
morphic event in the region. There is, however, no
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negative correlation of age with U concentration
and, in fact, some of the youngest ages are recorded
by cores with the lowest U content, while ages in
excess of 2.8 Ga are preserved across almost the
entire range of U content (Fig. 3b). There is also
no obvious correlation between age and degree of
zoning in the cores, although it is worth noting
that two grains preserving fine-scale oscillatory
zoning are among the oldest. Given the pervasive
Pb-loss overprint, defining a single precise mag-
matic protolith age for this sample is complex and
subject to various interpretations.

Following the approach of Friend & Kinny
(1995) by assuming that the observed data derive
from zircon formed during a single magmatic event,
the oldest 207Pb/206Pb age of 2890 + 36 Ma may be
taken to represent this, although this particular
analysis is slightly reverse discordant. If this
reverse discordance is due to an analytical artefact
affecting the U/Pb ratio calibration, the

207Pb/206Pb age will remain accurate. If however,
the reverse discordance is a real phenomenon,
reflecting ancient localized redistribution of radio-
genic Pb formed over a short interval, a process pro-
posed by Hinton & Long (1979) but to date
undemonstrated, the 207Pb/206Pb age could be over-
estimated. Two other concordant grains have similar
207Pb/206Pb ages and together, the three oldest ages
yield a weighted average age of 2886 + 15 Ma
[mean square of weighted deviates (MSWD)
value ¼ 0.08].

An alternative approach commonly used in the
analysis of SIMS data from polyphase zircon
again assumes that a single magmatic protolith age
component is present and has been subject to later
Pb-loss resulting in a spread of ages. Successive
rejection of the youngest ages from the weighted
average is performed until its MSWD reaches a
threshold value at which assigned analytical errors
alone can account for the observed scatter of

Fig. 2. Cathodoluminescence images of selected zircon grains from (a) Lew99-Ky and (b) Lew99-GE. Complete CL
documentation is provided in the Supplementary Material. SIMS U–Pb analytical locations are marked by ellipses
where images were taken prior to analytical session; laser ablation Hf-isotope analytical locations are marked by
dotted circles.
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data. Accepting an MSWD value of 1.0 as the
threshold value results in a weighted average
207Pb/206Pb age of 2872 + 10 Ma (MSWD ¼
0.94, probability ¼ 0.46) based on the oldest seven
analyses. Grouping of the oldest 13 analyses
results in a weighted average age of 2861 + 9 Ma
with only a modest increase in MSWD to 1.3
(probability ¼ 0.19), while inclusion of the next
youngest analysis causes the MSWD value to
increase significantly to 2.1. From a purely objective
statistical point of view, an age in the range 2860–
2870 Ma is therefore supported by the oldest 13 out
of 62 core analyses, the remainder reflecting variable
degrees of Pb loss during later metamorphic events.

Applying a more subjective interpretation to the
cumulative age plot for Lew99-Ky cores, the three
oldest cores could be assigned to a possible inherited
component. Disregarding these and grouping the
next 13 youngest analyses yields a weighted
average 207Pb/206Pb age of 2848 + 6 Ma with a
still acceptable MSWD value of 1.1, while addi-
tion of another younger analysis expands MSWD
to .2. Cathodoluminesence images and Th–U
chemistry do not obviously support such an
interpretation however, since the three oldest cores
are not distinctive (Fig. 3b, c).

Interpretation of the younger rim (n ¼ 37) and
single phase (n ¼ 11) data (Fig. 4b) as metamorphic
accords with previous interpretations from central
region Lewisian granulites (Corfu et al. 1994;
Friend & Kinny 1995; Kinny & Friend 1997). On
a probability density plot (Fig. 4b) most of these
analyses define a slightly skewed to younger age
peak around 2500 Ma, together with a handful of
older analyses. A coherent group of 30 analyses
defines a weighted average 207Pb/206Pb age of
2494 + 10 Ma (MSWD ¼ 1.2). Skewing of the
peak to younger ages that are still concordant
within analytical error might be related to further
post 2495 Ma disturbance of the system during for-
mation of the thin outer rim and annealed cracks
although no age can confidently be assigned to this
event using these data. Older analyses range in age
up to c. 2830 Ma and in most cases, probably
reflect incomplete resetting of U–Pb systematics
in older zircon during formation of the low-U, struc-
tureless rims. Depth profiling into older cores buried
just below the CL-imaged surface cannot be entirely
ruled out although only one analysis showed a
marked increase in radiogenic Pb counts during
analysis and a change in age of the sampled zircon
can explain the substantially larger analytical error
in this case.

Lew99-GE. Zircon from the Geodh Eanruig sample
are similar in size, external appearance and internal
structure as revealed by CL imaging (Fig. 2b and
Supplementary Material) to those from Lew99-Ky
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and the same tripartite division of growth phases
into irregularly shaped, mostly CL-dark cores,
CL-bright rims and single phase grains can be
made. In contrast to Lew99-Ky, however, more
cores may be classified as polyphase (e.g. grains
38, 43) and some cores preserve distinct fine-scale
oscillatory growth zoning (e.g. grain 71). Rims
and single phase grains vary in internal structure
from grains that are relatively homogeneous (e.g.
grain 35) to grains that preserve coarse zoning

(e.g. grain 33). The thin outer rim seen in zircon
from sample Lew99-Ky is absent in grains from
this sample.

Guided by internal growth zoning, 155 analyses
were performed on 86 grains. Post-analytical
imaging revealed that seven of these analyses
straddled two growth zones, while a further three
analyses had excessive levels of common Pb either
because they were placed on a crack or hit an
inclusion – these analyses are omitted from
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consideration of the data set. Cores range widely in
U concentration from c. 10–400 ppm with Th/U
mostly in the range 0.3–1.2 with the exception of
a few outliers with very low Th/U. Rims and
single phase grains have a U concentration range
from c. 10–200 ppm with a restricted Th/U ratio
range of c. 0.9–1.1 (Fig. 6a). On a concordia
diagram (Fig. 7), analyses are mostly concordant
within analytical error and define a near-continuous
spread between a maximum 207Pb/206Pb age of
3043 + 28 Ma and a significant group of analyses
(mostly rims) at c. 2500 Ma.

A total of 97 core analyses were performed
(Fig. 7a) of which two were highly discordant
(one reversely) and are not considered further.
Based on the CL imaging, 25 of these are oscillatory
zoned cores (designated ‘cz’, see Supplementary
Material) and 27 are simple, mostly CL dark
cores. The remainder are polyphase cores which
are further divided into relatively the oldest group
(designated ‘c1’, n ¼ 25) and apparent younger
overgrowths on this group (‘c2’, n ¼ 21), with a
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Fig. 5. Cumulative age plot of individual zircon
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probability plot (grey line) for sample Lew99-Ky.
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single analysis (‘c3’) in a grain with a possible
three-phase core. Within these groups, the cores
may or may not exhibit oscillatory zoning.

An interpretation in which the oldest core ages
represent the magmatic protolith age would place
this at 3043 + 28 Ma based on the single oldest
grain or, accepting that the reverse discordant analy-
sis of grain 24 has an accurate 207Pb/206Pb age,
3037 + 18 Ma based on an average of these two

oldest analyses. This age accords with the interpret-
ation of data from the likely equivalent sample
GST10 by Kinny & Friend (1997) who, addition-
ally, found an older grain in excess of 3.1 Ga
which they interpreted as inherited.

An alternative interpretation of the core analyses
is that the two oldest grains are themselves inherited
into a younger magmatic rock. While indistinguish-
able in terms of U concentration from most of the
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core population (Fig. 6b), these two oldest grains
exhibit relatively low Th/U ratios (c. 0.3, Fig. 6c).
One of these analyses is from grain 71 which in con-
trast to the other cores in this sample shows well-
defined, fine-scale oscillatory zoning in CL
imaging. On a cumulative age plot (Fig. 8a), the
two .3 Ga analyses are noticeably older than the
next youngest grains that cluster at around
2950 Ma. Applying the technique of including suc-
cessively younger grains into a weighted average
pushes the MSWD value to 1.5 with only three
grains and to 2.3 if the four oldest grains are

grouped. By comparison, if these two oldest grains
are set aside as possible inherited components, the
next six oldest grains yield a weighted average
207Pb/206Pb age of 2956 + 19 Ma with a statisti-
cally significant MSWD value of 0.86 (which
increases to 2.7 with inclusion of the next youngest
grain). It might therefore be concluded that the mag-
matic protolith age is 2956 Ma, an age similar to
many of the oldest components observed in other
samples from the central region granulites (Friend
& Kinny 1995; Kinny & Friend 1997).

Further complexities in the internal structure
of the cores suggest, however, that even the
2956 + 19 Ma age might represent an inherited
component. As mentioned previously, a number of
the cores are classified as polyphase, in which an
older central region (c1) is clearly corroded,
embayed and has its zoning truncated by an outer
region (c2). In some cases the c2 core regions
display oscillatory growth zoning which would be
consistent with a magmatic origin (e.g. grain 43,
which has a 207Pb/206Pb age of 2851 + 14 Ma).
Comparing cumulative age probability plots for the
c1 and c2 cores (Fig. 8a) shows that the latter do
not preserve 207Pb/206Pb ages in excess of
c. 2850 Ma, the three oldest c2 analyses combining
to give a weighted average of 2850 + 11 Ma
(MSWD ¼ 0.061). If the dataset is expanded to
include single phase cores on the basis that some
of these may have concealed older regions, nine ana-
lyses define a coherent group with a weighted
average age of 2843 + 9 Ma (MSWD ¼ 0.63)
although this age should be treated with additional
caution given the possibility that some of the
included ages may be from older grains that have
lost Pb so that they fall coincidentally into this group.

The younger rims (n ¼ 38) and single phase
grains (n ¼ 10) show strong similarities with those
from Lew99-Ky. Concordant 207Pb/206Pb ages
(Fig. 7b) mostly cluster around a peak in the age
distribution at 2500 Ma (Fig. 8b). Omitting a few
outliers with slightly younger ages, which may
reflect post-2500 Ma disturbance, a coherent group
of 28 concordant analyses yields a weighted
average 207Pb/206Pb age of 2501 + 6 Ma
(MSWD ¼ 1.4). A few ages in the rim and single-
phase categories extend up to c. 2840 Ma and are
interpreted as reflecting incomplete resetting
during the c. 2500 Ma event.

LA–ICP–MCMS Hf isotope results

Recent advances in the measurement of the Hf
isotopic composition of zircon in situ using laser
ablation ICP–MS has opened the possibility to
investigate the nature of the source region for a
magmatic rock using its zircon. This is analogous
to the use of whole-rock Sm–Nd and Lu–Hf
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Fig. 8. Cumulative age plot of individual zircon
analyses (2s error bars) with superimposed relative
probability plot (grey line) for sample Lew99-GE.
(a) cores, with C1 (older) and C2 (younger) parts of
polyphase cores highlighted respectively by filled and
unfilled circles; (b) rims (red) and single phase grains
(green).
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isotope systematics to derive model ages but with
the distinct advantages that zircon has an extremely
low Lu–Hf ratio, hence its in-growth of radiogenic
176Hf is much slower than a corresponding whole
rock and, unlike whole-rocks, it is less susceptible
to disturbance during metamorphic events since Hf
is a major element (commonly c. 1–2%) in the
zircon structure (Patchett et al. 1981). Increasingly,
geochronological studies utilizing high spatial res-
olution ion microprobe analysis are being comple-
mented by LA–ICP–MS Hf isotope analysis not
just on the same zircon but in some cases on the
same growth phase within a zircon that has been
independently dated (e.g. Kemp et al. 2006). In
order to obtain adequate precision in the Hf iso-
tope measurement however, a considerably larger
volume of material is sampled compared to ion
microprobe and care is required to decipher time-
resolved data signals to ensure that data do not rep-
resent mixed regions of a zircon. In this study, con-
current measurement of Pb and Hf isotopes for some
of the analysed zircons provides an additional age
constraint to that obtained from the ion microprobe.

Lew99-Ky. Twenty-one analyses (see Supplemen-
tary Material) were performed on zircon grains
from sample Lew99-Ky, 13 of which were located
in cores of polyphase grains and the remainder in
single phase grains, one analysis was discarded on
the grounds that the laser sampled across a boundary
during the analysis. Concurrently determined
207Pb/206Pb ages performed on 11 grains range
from 2680 to 2794 Ma, a smaller range than SIMS
207Pb/206Pb ages, which for these same grains
ranges from 2520 to 2850 Ma. In some cases the
LA–ICP ages exceed those obtained by SIMS and
in other cases are younger which probably reflects
the considerable difference in sampled volume,
with SIMS being more sensitive to localized
Pb-loss (e.g. along annealed cracks) due to its
smaller sampling volume, while the LA–ICP ana-
lyses are more likely to average extreme variations.
On a plot of age corrected 176Hf/177Hf against the
concurrently determined LA–ICP 207Pb/206Pb age
or SIMS 207Pb/206Pb age when only Hf isotopes
were determined (Fig. 9a), data from Lew99-Ky all
lie within error of a sub-horizontal line suggesting
that they had a similar initial Hf-isotopic compo-
sition that has remained unaffected by metamorphic
disturbance(s) that results in the apparently too
young U–Pb ages. This interpretation is supported
by the time resolved Hf–Pb isotope signals from
individual analyses (Fig. 10), which reveal that the
176Hf/177Hf ratio remains unchanged during the
run despite pronounced shifts in 207Pb/206Pb age
(this is the general case for zircons of Lew99-Ky).
As a result of this, 1Hf values calculated using the
measured 207Pb/206Pb ages define a steep trend on

Figure 11a (green arrow) that is an artefact of age
resetting (i.e. the use of ages that are increasingly
too young in the 1Hf formulation), rather than repre-
senting the evolution of a plausible source reservoir.
For the purpose of more accurately calculating initial
176Hf/177Hf and 1Hf values, a ‘preferred’ age is used
based on the analysis of the entire population dated
by SIMS, which suggests an age of c. 2850 Ma for
this sample. Using this approach, individual
1Hf(2850) values range from 20.93 to þ1.67. The
two lowest 1Hf(2850) values are from grains (41a
and 71a) with relatively high Lu/Hf ratios which
result in a large age correction. Omission of these
two analyses yields a weighted average
176Hf/177Hf(2850) of 0.280982 + 0.000008 (2s,
MSWD ¼ 2.1), corresponding to an 1Hf(2850) of
0.87 + 0.28 (2s, MSWD ¼ 2.1, Fig. 9b). The
slightly elevated MSWD value indicates a possible
component of scatter in the data which cannot be
explained by assigned analytical errors alone. This
may reflect some Hf-isotope heterogeneity in the
protolith magma and will be discussed in more
detail below.

Lew99-GE. Consistent with the greater complexity
of its zircon growth structures and U–Pb systema-
tics, Hf isotope data from sample Lew99-GE are
considerably more scattered than those from
Lew99-Ky. Concurrently determined 207Pb/206Pb
ages range from 2541 to 2894 Ma, which is slightly
smaller than the SIMS range of 2501 to 2977 Ma. As
with sample Lew99-Ky, the unsystematic relative
age difference between the two methods probably
reflects the difference in sampled volume. Within-
run Hf–Pb isotope data for individual zircons also
show no shifts in 176Hf/177Hf attending abrupt
changes in age (Fig. 10), suggesting that U–Pb dis-
turbance had negligible effects on the Hf isotopes.
The plot of age corrected 176Hf/177Hf against the
concurrently determined LA–ICP 207Pb/206Pb age
or SIMS 207Pb/206Pb age when only Hf isotopes
were determined, (Fig. 9a), however, reveals con-
siderably greater complexity in Hf-isotope systema-
tics in Lew99-GE. The age-corrected 176Hf/177Hf
ratios are consistently lower than those of
Lew99-Ky and while a sub-horizontal trend is
defined by the most radiogenic samples over a
wide age range, a distinct trend to less radiogenic
Hf is present in the analyses yielding the oldest
ages. For this sample, assignment of a preferred
age in order to calculate initial 1Hf values is compli-
cated by the possibility that more than one age of
magmatic zircon may be represented in the
Lew99-GE cores and the extensive c. 2500 Ma
Pb-loss overprint means that for example, a
2850 Ma age might actually represent a partially
disturbed 2960 Ma (or even 3030 Ma) zircon. One
approach, following the reasoning for Lew99-Ky,
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is to group those analyses falling along a broadly
horizontal line on Figure 8a as a single population
treating less radiogenic analyses as older inherited
components, since these plot along a separate
Pb-loss trajectory on Figure 9a. Considering only
grains for which a minimum age of 2850 Ma can
be assigned (n ¼ 9, see Supplementary Material)
and omitting other analyses where an age of
.2850 Ma is indicated, a weighted average
176Hf/177Hf(2850) of 0.280957 + 0.000013 (2s,

MSWD ¼ 2.7) is obtained by further rejecting
the least radiogenic outlier, corresponding to an
1Hf(2850) of 0.22 + 0.45 (2s, MSWD ¼ 2.7,
Fig. 8c). The higher MSWD relative to that for
Lew99-Ky could reflect a greater degree of Hf-
isotope heterogeneity in the protolith magma from
which the zircons precipitated as well as likely
inclusion of grains of different primary crystalliza-
tion age in the sub-population (i.e. older grains
with different 176Hf/177Hf that have lost Pb).
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Fig. 9. Zircon Hf isotope data plotted as (a) initial 176Hf/177Hf ratio against age, using 207Pb/206Pb ages derived
concurrently with Hf isotope data (circles) or separately by SIMS (squares). Horizontal arrow indicates schematic
Pb-loss/age-resetting vector for zircon. Panels (b) and (c) plot initial 176Hf/177Hf ratios (calculated at 2850 Ma) as a
histogram and superimposed relatively probability curve for Lew99-Ky and Lew99-GE respectively. Vertical scale
bars show the evolution of 176Hf/177Hf over a 100 Ma period with a depleted mantle Lu/Hf ratio (black) and
typical mafic crust ratio, Lu/Hf ¼ 0.021 (grey).
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Discussion

Protolith ages

Geochronological data presented from two granulite
facies tonalitic gneisses show the extreme difficulty
in assigning a magmatic protolith age when the

zircons have experienced incomplete, but in many
cases extensive, Pb-loss during at least one later
event. In part, this is a function of the SIMS
method utilized in which relatively large (typically
c. 1–2%) errors on U–Pb ratios preclude recog-
nition of true concordance with a precision
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necessary to decipher an original magmatic age
lying on concordia from one which has suffered
later Pb-loss within just a few hundred Ma. For
example, 2.95 Ga zircon experiencing variable
amounts of Pb-loss at 2.5 Ga will deviate from con-
cordia by a maximum of 1.7% in their 206Pb/238U
ratio. This deviation will be even smaller close to
the starting age, such that distinguishing, for
example, a 2.85 Ga magmatic component from a
2.95 Ga inherited component is effectively imposs-
ible on the basis of concordance. In effect, the
problem is reduced to a rather unsatisfactory one-
dimensional interpretation of 207Pb/206Pb age.

Despite this apparently gloomy prospect, a
number of additional constraints mean that it is
not necessary to rely entirely on the SIMS U–Pb
data as the basis for interpretation. First, detailed
CL imaging indicates that in sample Lew99-Ky
cores are relatively simple compared to those in
sample Lew99-GE. Thus, inferring a single mag-
matic protolith age is more reasonable for
Lew99-Ky than for Lew99-GE. The latter sample
may well contain inherited zircon rendering
interpretation of the older 207Pb/206Pb ages as mag-
matic protolith insecure. Second, by analysing a
large number of grains, peaks in the age distribution
are more obvious and statistically more significant.
Thirdly, application of in situ Hf isotope analysis
of zircon reveals complicated isotope systematics
in Lew99-GE that are best explained in terms of
the zircon population representing more than one
magmatic event, the older ages, present as an inher-
ited component, having lower 176Hf/177Hf ratios.

Source materials of the protolith magma and

crustal residence history of the Lewisian

A significant problem in inferring crustal residence
ages from TTG gneisses from either bulk-rock

Sm–Nd or zircon Lu–Hf isotope data is that the
crystallization age of the rock and/or zircon does
not record the crust-mantle differentiation event
itself but merely the later extraction of TTG melts
from an intermediate, probably mafic, precursor
(Rollinson & Windley 1980; Smithies et al. 2009).
Back-extrapolation from initial ratios calculated at
the age of TTG crystallization must therefore be
made using assumed Sm/Nd and Lu/Hf ratios for
this source that are difficult to constrain. Addition-
ally, the Hf-isotope evolution curve of the ultimate
mantle source is poorly known, introducing a further
uncertainty in the calculated crustal residence age.

Using bulk-rock Sm–Nd isochrons obtained
from a suite of mafic/ultramafic intrusions, White-
house (1989) argued that their depleted mantle
source had an 1Nd value of c. þ2.5 at 2.95 Ga,
similar to that predicted by the DePaolo et al.
(1981) model. This model was then applied to
various TTG gneiss suites from three regions in
the Lewisian complex in order to obtain ‘average’
tDM model ages, calculated using the average Sm/
Nd ratio from each suite of samples but acknow-
ledging that such estimates would inevitably be
approximations due to the likelihood of an interim
crustal precursor to the TTG rocks. For the amphi-
bolite facies northern region gneisses, the average
tDM of c. 2.8 Ga was similar to magmatic protolith
ages subsequently inferred from ion microprobe
U–Pb zircon data (Kinny & Friend 1997). Applying
this method to the central region gneisses is,
however, complicated by disturbance of the whole-
rock Sm–Nd system during granulite facies
metamorphism (Whitehouse 1988), although the
average tDM of 2.93 Ga, calculated assuming homo-
genization of isotopic composition with no signifi-
cant fractionation of Sm/Nd ratio, is similar to
protolith ages inferred from zircon U–Pb data
(Friend & Kinny 1995; Kinny & Friend 1997).

Fig. 11. (Continued) are indicated on the plot: DM (MORB source depleted mantle, Griffin et al. 2000);
Neo-Mesoarchaean mantle (Shirey et al. 2008) and model Slave craton mantle (Pietranik et al. 2008). The green
arrow labelled ‘zircon/Pb-loss’) represents evolution with very low Lu/Hf typical of that found in zircon and
approximates a trend that would be defined by Pb-loss in which the age would become younger with no change in
Hf-isotope ratio. Inset plot (b) schematically illustrates how a range of crustal extraction ages may be derived from a
single zircon U–Pb and Hf-isotope analysis (see text for discussion). For the investigated samples, the range of
Hf-isotope evolution possibilities is evaluated in panel (c). In this plot, data from both samples are shown at their preferred
2.85 Ga age based on evaluation of overall data set as discussed in text (note that data have been plotted 10 Ma further
apart so that data symbols do not overlap). For Lew99-GE, the broad green polygon extending from the array of data at the
preferred magmatic crystallization age of c. 2.86 Ga represents the evolution of Hf-isotopes in zircon back to c. 2.95 Ga,
the maximum plausible magmatic crystallization age. Dashed lines show the evolution trajectory of individual zircon
analyses where these provide a limiting constraint on model ages: green lines represent the low Lu/Hf zircon/Pb-loss
trajectory while purple lines represent typical mafic crust with 176Hf/177Hf ratio of 0.021. The orange arrow labelled ‘GE
source?’ and identically coloured dashed lines is a Lu/Hf trajectory derived by regression of the Lew99-GE points shown
with solid blue fill (Lu/Hf ¼ 0.018). Vertical dashed lines show the average Sm–Nd depleted mantle model age inferred
from central region Lewisian gneisses (Whitehouse 1989) at c. 2.93 Ga and the oldest ages obtained from TTG gneisses
and/or zircons in the Lewisian at 3.13 Ga (Kinny & Friend 2005). Typical reproducibility of+0.85 1 units (2s) is shown
by error bar in bottom right, based on analysis of five different standards (Kemp et al. 2008). 1 values were calculated
relative to the chondritic parameters of Blichert-Toft & Albarède (1997).
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Zircon Lu–Hf data are used here to provide an
alternative and potentially more robust constraint
on crustal residence age, the Lewisian example
highlighting both the benefits as well as the difficul-
ties inherent in using this approach. The combined
Pb–Hf isotope method has particular utility for the
polyphase zircons of this study. Time-resolved iso-
tope data (Fig. 9), suggest that modification of CL-
defined zoning and resetting of U–Pb isotopes by
younger thermal events was not accompanied by a
significant incorporation of externally-derived Hf
into the zircon (cf. Kemp et al. 2009), either from
the rock matrix or via metamorphic fluids. The dis-
cussion below therefore assumes that the Hf-isotope
systematics of the zircons largely reflect that of the
magma from which these grains crystallized, rather
than being due to secondary processes.

Because zircon has a very low Lu/Hf ratio, and
thus low ingrowth of radiogenic Hf, its trajectory on
a Hf isotope evolution diagram is generally quite
predictable, the steep negative trend highlighted in
Figure 11a (which corresponds to the essentially
horizontal trend on Fig. 8a) reflecting the evolution
of the chondritic uniform reservoir (CHUR) away
from the zircon composition. Compared to zircon,
all bulk rock reservoirs will have shallower (i.e.
higher Lu/Hf) trends on the Hf-isotope evolution
diagram. In cases where the zircon has experienced
simple Pb-loss, this process is not commonly
accompanied by any change in Lu/Hf ratio, thus
enabling a relatively unambiguous estimate to be
made of 1Hf(t) at a measured and/or assumed time
of crystallization (Figs 9a & 11a).

Derivation of crustal residence age from initial
1Hf(t) in zircon remains subject to uncertainties in
both the Lu/Hf characteristics of the crustal precur-
sor to the TTG gneiss and its ultimate mantle source.
Figure 11b illustrates schematically how a range of
possible model ages may be derived from a single
zircon analysed for its U–Pb and Lu–Hf systema-
tics. The open circle representing measured age
and Hf-isotope data yields two extreme crustal resi-
dence ages via extrapolation of Hf-isotope evolution
trajectories from the measured zircon composition
to their intersection with the assumed mantle
evolution curve. The oldest crustal residence age
[tDM(max)] assumes that the measured zircon age rep-
resents TTG crystallization from a crustal precursor
with a Lu/Hf ratio higher than zircon but lower than
a typical mantle source. Younger crustal residence
ages [tDM(min)] result if the measured zircon age
reflects Pb-loss from an older zircon which has a
true crystallization age lying along the zircon/
Pb-loss trend. For the limiting case of a very short
residence time in the crustal precursor, the zircon
crystallization age and the apparent crustal resi-
dence age tDM(min) will be the same. An intermediate
crustal residence age will be derived by evolution

along a combination of the zircon/Pb-loss and
TTG-source evolution lines if the zircon crystalliza-
tion age (represented by the filled circle in Fig. 10b)
is older than the measured age but younger
than tDM(min).

With regard to mantle evolution models, a major
uncertainty in calculation of model ages arises from
the assignment of isotope parameters for the depleted
mantle reservoir. For Hf isotopes, a commonly used
depleted mantle trend is derived by simply back-
calculating the mean isotope composition of
present day MORB (176Hf/177Hf ¼ 0.28325) and
using 176Lu/177Hf of 0.0384 (from Griffin et al.
2000). However, there is growing evidence from
bulk rocks and zircon studies that the assumption of
quasi-linear evolution from 4.5 Ga to the present
day is unjustified and that the Lu–Hf system in the
ancient terrestrial mantle may not have been as
depleted as such an evolutionary trend may imply
(e.g. Vervoort & Blichert-Toft 1999; Griffin et al.
2000; see also discussion in Shirey et al. 2008).
Alternative Hf isotope depleted mantle evolution
curves have been proposed recently by Shirey et al.
(2008) for Neo/Mesoarchaean mantle in general
and Pietranik et al. (2008) for the specific case of
the Slave Province. Both of these models lie
several epsilon units below the ‘model’ depleted
mantle over the age range shown in Figure 11.

The possible range of crustal residence ages for
the Lewisian granulites is investigated in Figure 11c
with specific regard to constraints imposed by the
data obtained from sample Lew99-GE. Regardless
of which mantle Hf-evolution model is chosen, the
minimum crustal extraction age is obtained from
the most radiogenic zircon at 2850 Ma (analysis 1)
by assuming that its zircon age represents Pb-loss
from an older grain and that there is a short crustal
precursor. Projecting back along a zircon/Pb-loss
Lu/Hf trajectory yields a MORB depleted mantle
model age of c. 3.06 Ga. If the less depleted Neo/
Mesoarchaean mantle model (Shirey et al. 2008)
applies, this minimum model age is c. 2.93 Ga,
while a mantle resembling that proposed for the
Slave Province (Pietranik et al. 2008) yields a
minimum model age of c. 2.98 Ga (Fig. 12). The
maximum crustal extraction age is obtained from
the two least radiogenic .2850 Ma zircon grains
by assuming that their measured U–Pb age rep-
resents their true crystallization age (i.e. unaffected
by later Pb-loss) from a mafic crustal precursor with
Lu/Hf ¼ 0.021 (based on volcanic rocks with
between 45 and 52% SiO2 from the GEOROC data-
base, http://georoc.mpch-mainz.gwdg.de). In this
case, crustal extraction from a MORB depleted
mantle at c. 3.52 Ga is implied, while for Neo/
Mesoarchaean and Slave mantle models, this event
is constrained to c. 3.20 Ga and c. 3.34 Ga respect-
ively (Figs 11c & 12). For each potential crustal
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precursor and mantle source, Figure 12 summarizes
the complete range of model ages obtained from
the entire Lew99-GE data set. Using this approach,
it could be inferred that the total range of crustal
extraction ages for the Lew99-GE precursor
extends over nearly 600 Ma starting at 3.52 Ga, a
range that is even greater when analytical uncer-
tainties on the Hf-isotope analyses are propagated
onto model ages (c. +30 Ma for the zircon/
Pb-loss trajectory, c. +70 Ma for the mafic crust
trajectory).

An alternative and probably more realistic
approach considering that these are meta-igneous
rocks, is to attempt to include as many analyses as
possible into a model with a single crustal precursor.
Treating the Lew99-GE data set in this way, the
five most radiogenic of the c. 2.85 Ga zircons may
be combined with the three most radiogenic
.2.85 Ga zircons to yield a regression line corre-
sponding to a Lu/Hf ratio of 0.018 + 0.004
(MSWD ¼ 1.2, Fig. 11c). The minimum crustal
extraction ages obtained from this regression line
range from c. 2.96 Ga for Neo/Mesoarchaean
mantle model to c. 3.16 Ga for MORB depleted
mantle, with the Slave Province type mantle inter-
mediate at c. 3.06 Ga. It is implicit in this model
that .2.85 Ga analyses lying on the regression
represent magmatic sampling of this same source
reservoir at the specific times indicated by their
U–Pb age. It is also noted that a similar (or the
same) crustal precursor is also appropriate for the
most radiogenic zircons in the Lew99-Ky dataset.

Less radiogenic analyses not included in the
regression line can be derived in a number of differ-
ent ways. If their measured U–Pb ages reflect
Pb-loss instead of actual crystallization, then they

project back along a steep zircon/Pb-loss trajectory
and can be derived from the same crustal precursor
inferred from the regression line. For the least radio-
genic .2.85 Ga analyses however, the intersection
between the zircon/Pb-loss trajectory and the
regression-derived crustal precursor occurs at a
very elevated 1Hf(t). In the most extreme case rep-
resented by analysis 71a (Fig. 11c), this is þ8.5 at
3.34 Ga, a value which is not only incompatible
with the less depleted mantle models but even
exceeds contemporaneous MORB depleted mantle
by over 31 units. A more likely scenario is that
some of the inherited grains were derived from
magmas melted from a crustal precursor that separ-
ated from the mantle prior to the regression-
constrained source. This would imply mixed-aged
sources for the TTG magmas and a slightly more
complex crustal growth history for the Lewisian.
A variety of Hf-isotope evolution pathways can be
constructed for individual zircon analyses which
would still permit derivation from any of the plaus-
ible mantle models, although the present data do not
provide additional constraints on such models.
There are, however, potential constraints available
from some of the oldest dated zircons and/or
rocks in the Lewisian complex as a whole. The
oldest zircon age recorded from the central region
is a c. 3.12 Ga inherited grain in Lew99-GE equiv-
alent sample GST-10 (Kinny & Friend 1997).
Magmatic protolith ages of c. 3.13 Ga have been
inferred for TTG gneisses from North Harris,
Outer Hebrides (Friend & Kinny 2001) and the
Loch Torridon area (Love 2004; Kinny et al.
2005) on the basis of U–Pb zircon data. If these rep-
resent the earliest magmatic rocks in the Lewisian
complex, their relatively young age would lend
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Fig. 12. Range of model crustal extraction ages obtained from Lew99-GE zircon U–Pb and Hf-isotope data for the
three depleted mantle models highlighted in Figure 11. For each depleted mantle model, three ranges are given
corresponding to different Lu/Hf trajectories represented by typical mafic crust, low Lu/Hf zircon/Pb-loss and the
Lu/Hf derived by regression of the most radiogenic Lew99-GE analyses (‘GE source’). Note that these ranges are
subject to an additional uncertainty resulting from propagation of the typical +0.85 (2s) analytically induced error in
the measurement of 1Hf ranging from c. +30 Ma for the zircon/Pb-loss trajectory, c. +70 Ma for the mafic crust
trajectory. Vertical dashed lines as in Figure 11c.
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support to derivation of crustal precursors from
the less depleted mantle reservoirs indicated in
Figures 11c and 12.

2700 Ma metamorphism?

Friend & Kinny (1995) noted that within analytical
error, their SIMS data from central region granulite
facies gneisses lie on a discordia line from a
�2.96 Ga protolith to c. 2.5 Ga metamorphism
and they were thus unable to recognize a 2.7–
2.8 Ga metamorphic event. Their preferred
interpretation envisaged a single Pb-loss event at
2.5 Ga affecting zircon which had crystallized
from their igneous parent magma at �2.96 Ga. At
its furthest deviation from the concordia curve,
which occurs at 2.73 Ga, a 2.96–2.5 Ga discordia
line will have a 238U/206Pb ratio that is c. 1.66%
higher than that of concordia, while a 3.03 Ga start-
ing point will deviate by up to 2.26% (at 2.78 Ga).
The average 2s error on the 238U/206Pb ratio of
5.2 + 1.2% in the studies of Friend & Kinny
(1995) and Kinny & Friend (1997) thus clearly
precludes resolution between analyses lying on a

simple two-stage discordia and those affected by
an intermediate event which would therefore lie
closer to the concordia line; for a single intermediate
event data would lie in a discordia triangle defined
by the three ages (Fig. 13). In the present study,
however, considerably smaller uncertainties attach
to 238U/206Pb ratio, averaging 1.8 + 0.3% (2s)
for Lew99-Ge and 1.2 + 0.3% (2s) for Lew99-
Ky. It is therefore possible, at least for Lew99-GE
with the older grains and hence larger deviation of
a single stage Pb-loss line from concordia, to inves-
tigate whether the distribution of analyses relative
to concordia approximates a simple single stage
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Fig. 13. Inverse concordia diagram showing the range of
possible zircon U–Pb compositions arising from
modelling of single- and two-stage evolution between
hypothetical events at t1 (magmatic crystallization), t2
and t3 (both metamorphism). If there is no event at t2, all
data will lie along the chord joining t1 and t3. The
simulations involving an event at t2 have been generated
in two ways; in the first model (red points labelled
‘random’) there is a random relationship between the
degree of Pb-loss occurring in each of the events at t2 and
t3; in the second model (blue points labelled ‘equal’), the
amount of Pb-loss in each of these events is set to be
the same, a scenario that might arise for grains with
similar U-content which will have accumulated a similar
degree of radiation damage over similar length intervals
t1– t2 and t2– t3.
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Fig. 14. Combined probability density plot and
histogram of the deviation of measured 238U/206Pb ratios
for zircon from Lew99-GE relative to (a) the concordia
curve; (b) a discordia line defined by a single-stage
Pb-loss event at 2.5 Ga affecting 2.95 Ga zircon; and (c)
a discordia line defined by a single stage Pb-loss event at
2.5 Ga affecting 3.03 Ga zircon.
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Pb-loss event or plots more closely to concordia
consistent with an intermediate age event having
occurred.

Figure 14 shows probability density plots of the
deviation (in %) of the 238U/206Pb ratio from cores
in Lew99-GE relative to concordia, and two single
stage 2.5 Ga Pb-loss discordia lines starting at
2.95 Ga and 3.03 Ga. In the two models based on
discordia lines, the peak of the distribution is
clearly shifted towards the negative side, implying
that the data plot between concordia and the discor-
dia line as would be expected for a two-stage Pb-loss
involving an event occurring between the assumed
protolith age and the metamorphism at 2.5 Ga.
Thus, while the new data are unable to resolve the
timing of this event, their distribution suggests at
least that such an event (or multiple events) is
likely to have occurred.

Conclusion

Two granulite facies gneisses from the central
region of the Lewisian complex contain complex
polyphase zircon yielding ion microprobe U–Pb
ages that spread along the concordia curve to a
common metamorphic event at c. 2.5 Ga. This
event has resulted in profound and variable
Pb-loss severely complicating identification of mag-
matic protolith age and earlier metamorphic events.

Cathodoluminescence guided ion microprobe
analyses of zircon from the Kylestrome sample
suggests that a single magmatic protolith age of
c. 2.85 Ga is represented. In accord with the rela-
tively simple geochronology, in situ Hf-isotope
analysis of zircons from this sample yields a small
range of 1Hf(2850) values averaging 0.87 + 0.28,
omitting two unradiogenic outliers that may result
from inheritance or a heterogeneous protolith
magma. The second sample from Geodh Eanruig
contains zircon with more complex cores which
yield ages up to 3.03 Ga with distinct groupings at
both c. 2.96 Ga and c. 2.85 Ga. An unambiguous
magmatic protolith age cannot be assigned to this
sample on the basis of the age data alone although
c. 2.85 Ga is preferred on the basis of internal
zircon structure. In situ Hf-isotope data also reveal
a greater scatter in initial 1Hf values, which is best
explained if the older ages represent inherited
zircon that have suffered varying degrees of
Pb-loss. Setting these analyses aside, a similar
mafic source to that indicated by the Kylestrome
sample is indicated, whether the main protolith
age is 2.85 Ga or 2.95 Ga.

The time of separation of the crustal source
region for the magmatic precursors to these gneisses
from the mantle is strongly dependent on the chosen
Hf-isotope mantle evolution model as well as the
Lu/Hf ratio of the crustal source region itself.

Regression of the most radiogenic zircon analyses
(both protolith magmatic and inherited) from
sample Lew99-GE suggests a common crustal
source region with a Lu/Hf ratio of 0.018, some-
what more enriched than typical mafic crust.
However, the least radiogenic zircons of the inher-
ited population cannot be derived from this crustal
precursor and require additional, earlier crustal
extraction event(s). Accepting recently proposed
models for late-Archaean mantle that are several 1
units lower than contemporaneous MORB depleted
mantle as applicable, a range of crustal extraction
ages from c. 3.05 to 3.2 Ga may be inferred for the
central region of the Lewisian. This age range is
similar to the age of the oldest zircon ages reported
from the Lewisian.

The spread of data along concordia do not reveal
any specific metamorphic events prior to 2.5 Ga.
However, data plots closer to concordia than to
model single-stage Pb-loss lines from �2.95 Ga
suggesting that an earlier metamorphism, possibly
at c. 2.7 Ga, has occurred in the northern part of
the central region and is recorded in these data.

In summary, the data presented here highlight
the difficulties with unambiguously establishing
magmatic protolith crystallization and crustal resi-
dence ages from zircons of Precambrian gneisses
with complex metamorphic histories. However,
these difficulties can be minimized by the coupled
application of CL-guided, high resolution SIMS
U–Pb dating and concurrent laser ablation Pb–Hf
isotope analysis, which enable a more confident
linkage between age and isotope tracer information
and provide some insight into the response of these
isotope systems to younger thermal events. Such
techniques can contribute towards a more elaborate
reconstruction of the crustal evolutionary history
and prehistory of ancient gneiss terranes, such as
represented by the Lewisian complex.
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The Laxford Shear Zone: an end-Archaean terrane boundary?
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Abstract: The Lewisian Gneiss Complex of northwestern Scotland consists of Archaean gneisses,
variably reworked during the Proterozoic. It can be divided into three districts – a central granulite-
facies district between districts of amphibolite-facies gneiss to the north and south. Recent work
has interpreted these districts in terms of separate terranes, initiating a controversy that has impli-
cations for how Precambrian rocks are understood worldwide. The northern district of the Lewisian
Gneiss Complex (the Rhiconich terrane) is separated from the central district (the Assynt terrane)
by a broad ductile shear zone known as the Laxford Shear Zone. This paper reviews the geology of
the Laxford Shear Zone, clarifying field relationships and discussing other evidence, to consider
whether or not it does indeed represent a terrane boundary. A detailed review of field, geochemical
and geochronological evidence supports the recognition of the separate Assynt and Rhiconich ter-
ranes. Mafic dykes (the Scourie Dyke Swarm) and granitoids, of Palaeoproterozoic age, occur on
both sides of the Laxford Shear Zone and thus the terranes were most probably juxtaposed during
the late Archaean to early Palaeoproterozoic Inverian event. Subsequently, the less-competent,
more-hydrous amphibolite-facies gneisses of the Rhiconich terrane were affected by later Palaeo-
proterozoic (Laxfordian) deformation and partial melting, to a greater extent than the more-
competent granulite-facies gneisses of the Assynt terrane.

The Lewisian Gneiss Complex of northwestern
Scotland is one of the world’s most intensively
studied regions of high-grade Precambrian gneisses,
yet it continues to provide fruitful ground for new
research. It crops out on the islands of the Outer
Hebrides and also in a 140 km-long strip along the
NW coast of the Scottish mainland, where it forms
part of the foreland to the Caledonian orogen
(Fig. 1). The main outcrop is limited to the east by
the Moine Thrust, although inliers of ‘Lewisianoid’
gneiss occur to the east of this major structure. The
Lewisian gneisses form part of a now-disrupted
Precambrian region in the North Atlantic, which

also includes basement rocks in North America,
Greenland and Scandinavia.

The essential elements of the Lewisian Gneiss
Complex were identified a century ago by the
authors of the classic Geological Survey Memoir on
the NW Highlands (Peach et al. 1907). They recog-
nized that the complex consists largely of metamor-
phosed plutonic igneous rocks, with relatively
minor metasedimentary and metavolcanic units, cut
by a variety of less deformed igneous intrusions.
They also divided the mainland Lewisian into three
districts, northern, central and southern; the central
district consisted largely of pyroxene-bearing

From: LAW, R. D., BUTLER, R. W. H., HOLDSWORTH, R. E., KRABBENDAM, M. & STRACHAN, R. A. (eds) Continental
Tectonics and Mountain Building: The Legacy of Peach and Horne. Geological Society, London, Special Publications,
335, 103–120. DOI: 10.1144/SP335.6 0305-8719/10/$15.00 # The Geological Society of London 2010.



gneiss (now recognized as granulite facies), whereas
more strongly deformed hornblende- and biotite-
bearing gneisses (amphibolite facies) cropped out
to the north and south.

The main events within the Lewisian Gneiss
Complex were later identified by Sutton & Watson
(1951), who recognized two major episodes of
metamorphism and deformation, the ‘Scourian’

and ‘Laxfordian’ events, temporally separated by
intrusion of an extensive dyke swarm known as
the Scourie Dyke Swarm. A third, amphibolite-
facies event, younger than the Scourian but pre-
dating the Scourie Dykes, was recognized by
Evans (1965) and termed the ‘Inverian’. The ‘Scour-
ian’ event was later renamed ‘Badcallian’ (Park
1970) and more tightly defined as a period of early

Fig. 1. Simplified geological map of the NW Highlands, showing the outcrop of the Lewisian Gneiss Complex and the
position of the Laxford Shear Zone.
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granulite-facies metamorphism, which has to date
only been recognized in the central district of the
Lewisian Gneiss Complex.

Over the last 100 years, the Lewisian Gneiss
Complex has provided a natural laboratory for
studies into many aspects of basement geology
(Park et al. 2002; Wheeler et al. 2010). Major
crustal-scale shear zones within the Lewisian
gneisses have been studied in detail, and provide
large-scale examples of the type of shear zones
described and analysed by the classic work of
Ramsay & Graham (1970). Isotopic dating tech-
niques were first harnessed for research into the
history of the complex by Giletti et al. (1961) and
have continued to provide crucial information as
techniques – and the application of these techniques
to high-grade metamorphic terranes – have been
refined (see summary in Kinny et al. 2005).

Most recently, geochronological data have been
used to identify crustal blocks with different his-
tories within the Lewisian Gneiss Complex, and it
has been proposed that these represent separate
terranes that were assembled along major shear
zones (Friend & Kinny 2001; Kinny et al. 2005).
The details of this model remain rather controver-
sial, and a simpler version – in which two main
terranes collided but were then divided into blocks
by strike-slip movement – has also been proposed
(Park 2005). Overall, though, the idea that the
Lewisian Gneiss Complex does not represent a
contiguous block of Archaean crust is becoming
more widely accepted. It is clear that the terrane
model can usefully be tested by detailed investi-
gations of the ‘terrane-bounding’ shear zones
(Mason & Brewer 2005).

One of the strongest candidates for a terrane-
bounding shear zone is the Laxford Shear Zone,
which separates the amphibolite-facies gneisses of
the ‘northern district’ from the granulite-facies
gneisses of the ‘central district’. Following
Coward & Park (1987), the Laxford Shear Zone is
here defined as the broad (c. 8 km) zone of Inverian
and Laxfordian ductile shear that extends along the
southern shore of Loch Laxford and continues along
the northern side of Ben Stack (Figs 2a, b). During
the ‘Continental Tectonics and Mountain Building’
conference in Ullapool in May 2007, the current
authors engaged in two days of vigorous scientific
discussion about the age and type of movements
along that shear zone. The conclusions and further
questions from that debate are presented here. This
paper concentrates on reviewing previous work,
clarifying the field relationships and describing a
consensus that has been reached by all the authors
on the nature of the Laxford Shear Zone. Many dis-
parate views on other aspects of the Lewisian exist
within the author team and these cannot all be
addressed here.

Previous work on the Laxford Shear Zone

The Lewisian gneisses of the Laxford area were first
mapped by the Geological Survey towards the end
of the 19th century (Peach et al. 1892) and described
in the NW Highlands memoir (Peach et al. 1907).
The surveyors recognized that Loch Laxford
lay roughly along a zone that separated biotite-
and hornblende-bearing gneisses of the ‘northern
district’ from pyroxene-bearing gneisses of the
‘central district’ of the Lewisian Gneiss Complex.
They described the rocks of the northern district as
containing mafic layers that could be deformed
dykes ‘of the Scourie type’, and abundant granites
and pegmatites that cross-cut all the other rock-
types. They also noted ‘it is probable that all the
granite dykes were not intruded at the same time’.
In the Loch Laxford area, they identified three
WNW–ESE-trending belts in the Lewisian
gneisses:

1. A northeastern belt in which hornblende- and
biotite-bearing gneisses are cut by intrusions
of granite and pegmatite that ‘probably
exceed in bulk’ the gneisses themselves.

2. A middle belt of hornblende- and biotite-
bearing gneisses cut by mafic dykes, with
abundant folds and shear zones. This belt was
essentially what we would now describe as
the Laxford Shear Zone.

3. A southwestern belt of pyroxene-bearing
gneisses in which the gently dipping gneissos-
ity is cross-cut by undeformed mafic dykes
(the Scourie Dyke Swarm).

The next major study of the area was that of
Sutton & Watson (1951). They considered that
three major ‘episodes’ could be recognized in the
history of the gneisses around Loch Laxford: an
early, ‘Scourian’ metamorphic event during which
granulite-facies pyroxene-bearing gneisses were
formed; a period of intrusion of dolerite dykes (the
Scourie Dykes); and a second, ‘Laxfordian’ meta-
morphic event in which the gneisses of the northern
district were retrogressed to form hornblende- and
biotite-bearing gneisses (amphibolite facies meta-
morphism). Sutton & Watson believed that the
gneisses of the central and northern districts
shared the same early history and were only distin-
guished by the later effects of the Laxfordian
event. They divided the Loch Laxford area into
five zones (Fig. 2b) and suggested that the variations
across the zones were controlled by an episode of
deformation, ‘producing structures with a north-
west to south-east trend’ and a front of migmatiza-
tion. The five zones are (from SW to NE):

1. The Scourie zone, in which Laxfordian move-
ment and metamorphism have only had a
local effect on the ‘Scourian complex’. This
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equates to the southwestern belt of the 1907
memoir. Sutton & Watson (1962) suggested
that the northeastern boundary of this zone
should be taken as the ‘local Laxfordian
front’ and thus that all the gneisses to the
north had undergone retrogression and metaso-
matism during the Laxfordian event.

2. The Claisfearn zone, consisting of flaggy
gneisses with a steep south-westward dip and
‘numerous shear-belts’.

3. The Foindle zone, also with steep southwest-
ward dips, and incorporating a thick band of
mafic rocks (Fig. 2a). Units of brown-
weathering, schistose biotite-bearing gneisses
were recognized and were considered to have
formed through metasomatism of the mafic
rocks. Shear belts were described as being
‘entirely confined to the basic bodies’ over
much of this zone, and granite and pegmatite
veins were considered to ‘dwindle’ southwards
across the zone. The Claisfearn and Foindle

zones together represent the middle belt of
the 1907 memoir.

4. The Badnabay zone, in which a large number of
‘concordant sheets of granite-gneiss’ appear
and ‘there are no shear-belts’; the main foli-
ation in this area was considered to equate to
the second foliation formed in the shear belts
to the south.

5. The Laxford zone, ‘thickly veined with gran-
ites and pegmatites’ and with no second foli-
ation. The Badnabay and Laxford zones
together equate to the northeastern belt of the
1907 memoir.

An alternative theory was proposed by Bowes
(1962), who was the first to suggest that the rocks
of the northern district had been tectonically juxta-
posed with those of the central district during the
Laxfordian event. Lambert & Holland (1972)
defined the boundary between the two districts as
the Ben Stack Line, equivalent to the boundary
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Fig. 2. (a) Simplified geological map of the area around the Laxford Shear Zone, based on recent BGS mapping
and the 19th century BGS survey (Peach et al. 1892). Ticks indicate British National Grid.
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between the Foindle and Badnabay zones of Sutton
& Watson (1951) (Fig. 2b). Following the identifi-
cation of the pre-Scourie Dyke Inverian event in
the central district (Evans 1965), Holland (1966)
noted that the area around Loch Laxford also
showed the effect of two successive amphibolite-
facies metamorphic events (the pre-Scourie Dyke
Inverian and post-dyke Laxfordian). Rb–Sr and
K–Ar dating of gneisses placed the age of the
Laxfordian event at Laxford Bridge as between
c. 1850 and 1750 Ma (Lambert & Holland 1972).

Geochemical studies of the Lewisian gneisses
(Holland & Lambert 1973; Sheraton et al. 1973)
indicated that, on average, the gneisses to the
north of the ‘Ben Stack line’ are rather richer in
K2O, Rb, Th, U and SiO2 than those to the south.
This evidence supported the theory of Bowes
(1962) that the northern district gneisses did not rep-
resent retrogressed equivalents of the granulite
facies gneisses of the central district, and that the
Laxford Shear Zone represented a major structure

along which two separate crustal blocks were
juxtaposed.

Beach et al. (1974) formalized the term ‘Laxford
Front’, which was defined as the southern limit of
migmatites and Laxfordian granite sheets. This
limit is approximately equivalent to the Ben Stack
Line, but is difficult to place in the field, since scat-
tered Laxfordian granite sheets do occur to the south
of the area of migmatitic gneisses (Peach et al.
1907). Beach et al. (1974) studied the structural
evolution of the Loch Laxford area, and recognized
three significant deformation phases in the Laxford
area, one pre-Scourie Dyke intrusion and two post-
dyke. They mapped and described pre-Scourie Dyke
folds but did not directly correlate their structures
with the Inverian event, as defined near Lochinver
by Evans (1965). They stated that ‘there was negli-
gible vertical displacement’ on the Laxford Shear
Zone during this first phase of deformation, but
described post-Scourie Dyke shear zones with an
oblique sinistral and north-up sense of movement.

Fig. 2. (Continued) (b) The zones identified by Sutton & Watson (1951), superimposed upon the map as in Figure 2a.
1 indicates the ‘local Laxfordian Front’ of Sutton & Watson (1951); and 2 indicates the Ben Stack Line of Lambert &
Holland (1972).
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Structures formed in the third deformation phase
were only recognized north of Laxford Bridge.

Davies (1974) followed suggestions made by
Beach et al. (1974) in interpreting the brown-
weathering, schistose biotite-bearing gneisses
(‘brown schists’) of the Foindle zone as metamor-
phosed supracrustal rocks. He presented a detailed
map of this zone and suggested that the supracrustal
rocks lay on top of, and were infolded with, a
layered, mafic igneous sheet. Davies (1976) presen-
ted evidence that the folding of this supracrustal/
mafic igneous complex occurred before the end of
the early granulite-facies metamorphism in the
central district, and thus proposed that the belt of
supracrustal rocks originated as a distinctive struc-
ture during the Archaean. Okeke et al. (1983)
studied the chemistry of the brown biotite-bearing
gneisses, and confirmed that they represented a
metasedimentary sequence of pelitic, semi-pelitic
and psammitic gneisses. Recent detrital zircon
dating indicates that the metasedimentary rocks
were most probably derived from central district
gneisses (Love 2004). It has been suggested that
this association of mafic and ultramafic rocks with
metasedimentary rocks could represent a marginal
ocean-floor assemblage, tectonically accreted to
the continental margin (Park & Tarney 1987).

Coward & Park (1987) and Coward (1990)
re-investigated the structures of the Laxford area.
Coward (1990) stated that ‘the southern margin of
Laxfordian deformation . . . has the form of a large
scale ductile shear zone, and is often termed the
Laxford Front’. This shear zone was described as
striking NW–SE and c. 8 km in width, with hetero-
geneous deformation throughout. Coward (1990)
recognized that pervasive Laxfordian deformation
had occurred in a zone to the south of Laxford
Bridge (the Badnabay zone) whereas further to the
south (in the Claisfearn and Foindle zones) discrete
Laxfordian shears are superimposed on Inverian
deformation. Coward & Park (1987) suggested
that the granulite-facies gneisses of the central
region had been thrust over the amphibolite-facies
gneisses to the north during the Inverian. The
granulite-facies gneisses were then displaced back
down toward the south during early Laxfordian
deformation. A later Laxfordian movement, follow-
ing granite emplacement, was described as having
a south-up, dextral shear sense.

In the late 1980s, a sea-change began to occur in
the way in which the Lewisian gneisses were inves-
tigated. Whitehouse (1989) used Sm–Nd isotopic
data to suggest that the crust of the different ‘dis-
tricts’ within the Lewisian Gneiss Complex might
have formed at different times. Following on from
this, modern isotopic techniques – particularly
U–Pb dating of zircons – were used to date
events in the Lewisian Complex far more precisely

than had hitherto been possible. Corfu et al. (1994)
and Friend & Kinny (1995) presented U–Pb zircon
and titanite data for gneisses in the central district
immediately to the south of the Laxford Shear
Zone. Differing techniques were utilized by these
authors: Corfu et al. (1994) analysed whole grains
or fragments of grains by conventional isotope dil-
ution (ID-TIMS), whereas Friend & Kinny (1995)
carried out in situ analysis using a high-resolution
ion microprobe (SIMS). Both groups of authors
recognized the complexity of the zircons in their
samples and different events affecting the zircons
were recognized through the use of the differing
techniques. The use of SIMS allowed Friend &
Kinny (1995) to date the oldest zircon cores,
giving an age for the tonalitic gneiss protoliths of
c. 2960 Ma. The data in both studies were inter-
preted to show that the gneisses were metamor-
phosed to high grade at 2490–2480 Ma, with a
later metamorphic phase at c. 1750 Ma. However,
an earlier high-grade metamorphic event at c.
2710–2760 Ma, which was recognized by Corfu
et al. (1994) and Zhu et al. (1997), was not resol-
vable from the data of Friend & Kinny (1995).
This has led to ongoing debate over the absolute
ages of the Badcallian and Inverian events (Corfu
2007; Friend et al. 2007), which is largely focused
upon the reconciliation of differences between
data sets obtained by the different analytical tech-
niques and on the geological interpretation of
complex internal zonation and age patterns among
zircon samples.

Kinny & Friend (1997) presented further U–Pb
(SIMS) zircon and titanite data which showed that
the gneisses to the north of the Laxford Shear
Zone had a markedly different history to those of
the central district. Gneisses of the northern district
were shown to have protolith ages of 2800–
2840 Ma with evidence for later dioritic intrusions
at c. 2680 Ma, but no evidence was found for
early high-grade metamorphism. Isotopic evidence
for Laxfordian reworking at c. 1750 Ma and
c. 1670 Ma has been found in both districts (Corfu
et al. 1994; Kinny & Friend 1997).

This work thus led to the suggestion that the
Laxford Shear Zone represented the boundary
between two distinct crustal blocks, which were
tectonically juxtaposed between 2480 Ma and
1750 Ma (Kinny & Friend 1997). On the basis of
these new dates, it has been proposed that the ‘north-
ern district’ of Peach et al. (1907) should be
re-named the Rhiconich terrane and that the north-
ern part of the ‘central district’ should be termed
the Assynt terrane (Friend & Kinny 2001; Kinny
et al. 2005). For ease of discussion, these names
will be used henceforward in this paper – although
this should not be taken to imply complete accep-
tance of the terrane model at this stage.
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Subsequently, Friend & Kinny (2001) dated a
granite sheet from the north side of Loch Laxford
at c. 1855 Ma. They believed that these granite
sheets only occur in the Rhiconich terrane and
thus stated that the two crustal blocks were juxta-
posed between 1855 Ma and 1750 Ma. A sample
of gneiss from the ‘Badnabay zone’ of Sutton &
Watson produced a protolith age of c. 2760 Ma,
which was taken to indicate that this zone belonged
to the Rhiconich terrane (Friend & Kinny 2001).
The boundary between the two terranes was des-
cribed as ‘the highly strained boundary between
the Badnabay and Foindle zones’ (Friend & Kinny
2001) and this boundary was described as the
Laxford shear zone (Kinny et al. 2005). This is
somewhat different from the Laxfordian front of
Sutton & Watson (1962), which represented the
southern limit of Laxfordian reworking and was
taken at the southern margin of the Claisfearn
zone. As discussed above, we follow Coward &
Park (1987) in defining the Laxford Shear Zone as
the broad, NW–SE zone of intense, ductile, Inver-
ian and Laxfordian shear that runs along the southern
side of Loch Laxford (Fig. 2b), and encompasses the
Badnabay, Foindle and Claisfearn zones of Sutton &
Watson (1951). Within the Laxford Shear Zone,
the true boundary between rocks of the Assynt and
Rhiconich terranes is very difficult to place on the
ground, as discussed in the next section.

Field relationships and structure

The Assynt terrane south of the Laxford

Shear Zone

The typical gneisses of the Assynt terrane are chiefly
TTG (tonalite – trondhjemite – granodiorite),
granulite-facies gneisses, commonly grey in colour
and well-banded on the scale of a few centimetres
(Peach et al. 1907). Enclosed within the grey
gneisses are mafic to ultramafic enclaves, the
largest of which approach 1 km in size. Many of
these enclaves represent low-strain zones and in
some cases relict igneous textures such as cumulate
layering can be identified (Davies 1974), although
the mineral assemblages are metamorphic (e.g.
two pyroxenesþ plagioclaseþ garnet in the mafic
rocks). Gneisses of metasedimentary origin are
also found at a few localities, notably on the north
side of Scourie Bay (Okeke et al. 1983) and
further south at Stoer (Cartwright et al. 1985).
These are quartzofeldspathic gneisses with
abundant garnet and biotite: kyanite, sillimanite,
staurolite and corundum have been recorded.
Granulite-facies assemblages are locally preserved
within the grey gneisses, the mafic-ultramafic
bodies and the metasedimentary gneisses, although

partial retrogression to amphibolite-facies assem-
blages is common throughout the Assynt terrane,
and pervasive retrogression has occurred in discrete
areas of later reworking. The gneisses are cut by
Scourie Dykes, which are relatively undeformed
except where they are cross-cut by Laxfordian
shear zones.

The dominant early structure in the northern part
of the Assynt terrane is a gently to moderately west-
or northwest-dipping gneissose layering (Beach
et al. 1974), which encloses rare intrafolial folds
of a pre-existing foliation (e.g. Sheraton et al.
1973). This gneissose layering is the result of high
to very high strain as evidenced by abundant pods,
lenses and thin layers of mafic material that appear
to have been extended and thinned parallel to it,
and is generally considered to be associated with
the Badcallian event (Park 1970). A poorly-
preserved weak grain-aggregate shape lineation
generally plunges towards the west or NW.

Within the Assynt terrane, the gneisses are cut by
a number of discrete shear zones. The Canisp and
Stoer shear zones are major, kilometre-wide steep
zones of intense ductile deformation and amphibo-
lite-facies retrogression. These major shear zones
are considered to have formed in the Inverian and
reactivated in the Laxfordian (Attfield 1987;
Coward & Park 1987). Smaller-scale Laxfordian
shear zones, a few metres to tens of metres in thick-
ness, are common across the Assynt terrane. These
Laxfordian shear zones increase in number north-
wards, into the Scourie zone of Sutton & Watson
(1951). In this zone, the gneissose layering is
affected by local open folds and by metre-scale
monoclinal folds with thinned short limbs (shear
zones) that are assigned to the Inverian (Evans
1965; Evans & Lambert 1974).

The Laxford Shear Zone

The Laxford Shear Zone (LSZ) can be divided
into southern, central and northern sectors that essen-
tially correspond to the Claisfearn, Foindle and
Badnabay zones of Sutton & Watson (1951;
Fig. 2b). The rocks within the LSZ are distinguished
from those to the south, both by the incoming of
intense, pervasive ductile deformation, and by the
ubiquitous presence of amphibolite-facies assem-
blages. The rock-types found in the southern and
central parts of the LSZ (the Claisfearn and Foindle
zones) include some evidence for relict granulite-
facies assemblages (Davies 1974) and so are con-
sidered to belong to the Assynt terrane, whereas the
northern part (the Badnabay zone) largely belongs
to the Rhiconich terrane (Kinny et al. 2005).

The southern and central parts of the Laxford Shear
Zone. Within the southern part of the LSZ
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(the Claisfearn zone), the main foliation in the
gneisses trends uniformly WNW–ESE, dips
steeply (50–708) to the SW, and is axial-planar to
occasional folds of the earlier gneissose banding.
The foliation is cut by several steep NW–
SE-trending Scourie Dykes (Fig. 3), and the discor-
dant relationships can be seen at many localities
(e.g. around Tarbet; Beach 1978). This foliation is
therefore considered to be Inverian, resulting from
the thinning, steepening and transposition of the
original Badcallian gneissose banding into a broad
Inverian shear zone. In places, a weak to moderately
strong mineral lineation plunges to the SE. Together
with the reported antiformal bending of the earlier
foliation into the major Inverian shear zone, this
suggests that the direction of movement on this
shear zone was south-side-up and oblique dextral
(Coward & Park 1987). Larger-scale Inverian
folds, also cross-cut by the dykes, were mapped
and described by Beach et al. (1974; Fig. 3).

The central part of the LSZ (the Foindle zone)
contains a major belt of metamorphosed mafic and
ultramafic rocks, some garnetiferous, extending SE
from north of Tarbet as far as Ben Stack (Fig. 2a;
Davies 1974, 1976). These are commonly associ-
ated, and locally interfolded, with brown-
weathering, garnet-biotite semipelitic gneisses.
The mafic bodies range in size, from a few metres
up to several hundred metres in thickness, and are

laterally continuous for many kilometres. Signifi-
cant variations in strain can be seen across the
mafic-ultramafic belt: in low-strain areas, the rocks
show relict igneous textures such as cumulate layer-
ing (e.g. north of Gorm Loch around NC 2150 4450;
Davies 1974) and granulite-facies assemblages may
be preserved, with some spectacular large garnet
aggregates (Davies 1974), while in higher-strain
areas amphibolite-facies mafic and metasedimen-
tary gneisses are finer-grained, strongly foliated
and lineated, with foliations dipping steeply SW
and mineral lineations plunging towards the SE.
Most of these fabrics can be shown to be Inverian,
since relatively undeformed Scourie Dykes cut
across the amphibolite/semipelite assemblage at a
number of locations (e.g. south of Badnabay
around NC 2335 4425). Davies (1976) showed
that this assemblage had been folded prior to
Scourie Dyke intrusion.

Within the southern and central parts of the LSZ
described above, later Laxfordian deformation takes
the form of discrete, narrow (1–100 m), steeply
dipping shear zones, which have displaced the
Scourie Dykes and led to the development of a
localized foliation (Beach 1974). A hornblende
grain-shape lineation within these zones plunges
moderately SE, approximately parallel to the
earlier Inverian lineation, but the sense of move-
ment is changed to oblique, sinistral and north side

Laxfordian granite

Scourie Dyke

Early mafic and associated
metasedimentary gneiss

Laxfordian shear zone

Scourie Dykes
deformed by
Laxfordian folds

Mafic gneisses deformed
by Inverian folds are cross-
cut by Scourie Dykes

Zone of intense Laxfordian
strain with thick granite sheets
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Fig. 3. Sketch cross-section through the Laxford Shear Zone, modified after Beach et al. (1974). (Not to scale.)
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up (Beach et al. 1974). These Laxfordian shear
zones only occupy a relatively small proportion
(,10%) of the outcrop area, but the sum of move-
ment associated with them may be of the order of
tens of kilometres (Beach 1974; Coward 1990).
Away from these narrow shear zones the overall
Laxfordian strain in the southern and central parts
of the LSZ appears to be very low, although Laxfor-
dian strain within the gneisses is hard to distinguish
from Inverian effects in areas where Scourie Dykes
are absent. Minor folding of dyke margins appears
to be restricted to the Laxfordian shear zones
(Beach et al. 1974). There is no evidence throughout
the south-central parts of the LSZ for any large-scale
Laxfordian folds.

The Scourie Dykes maintain their NW–SE trend
throughout the southern and central parts of the
LSZ, although they are displaced by the discrete
Laxfordian shear zones, they show no tendency to
rotate overall into a more WNW–ESE orientation
parallel to these shear zones. In the model suggested
by Coward (1974) the Inverian shear zone acts as
an antithetic south-down shear zone which rotates
in an anticlockwise fashion, looking NE, during
the Laxfordian. Thus the south-down sinistral
shear sense exhibited by the steeply dipping Lax-
fordian shear zones where they cut the Scourie
Dykes is a response to horizontal north-directed
shear (Fig. 4).

In some places the Scourie Dykes deflect into
and follow the zones of Inverian shear for a short
distance, or send small veins parallel to them (e.g.
south of Tarbet at NC1639 4854). These deviations
from the normal trend of the dykes can often be
shown to be intrusive features and not due to

later Laxfordian deformation, as first deduced
by Clough (in Peach et al. 1907; see also Park &
Cresswell 1972).

Within the central part of the LSZ, scattered
biotite granite and granitic pegmatite sheets up to
10 m thick cut across the mafic/ultramafic bodies,
the semipelitic gneisses, and the quartzofeldspathic
gneisses (e.g. south of Badnabay at NC 2168 4574).
Some of the granitoid sheets carry a weak Laxfor-
dian fabric, but they clearly cross-cut the dominant
Inverian foliation (Fig. 5). In some cases the
granite sheets are axial-planar to small-scale
upright Laxfordian folds. The relationship between
these granite sheets and the discrete Laxfordian
shear belts described above is unclear. However, it
is important to note that these granitic sheets cut
rocks (such as the mafic/ultramafic gneisses and
metasedimentary gneisses) that are generally
agreed to belong to the Assynt terrane, contrary to
the suggestion of Friend & Kinny (2001) that the
granitic sheets occur only in the Rhiconich terrane.

The northern part of the Laxford Shear Zone. The
northern part of the LSZ is equivalent to the Badna-
bay zone of Sutton & Watson (1951; Fig. 2b). It is
characterized by the presence of abundant sheets of
granite and granitic pegmatite, varying in thickness
from 1 to 100 m, which cut highly strained gneisses
(Fig. 6). The thicker granites are weakly foliated and
are mostly concordant with the main foliation in the
gneisses. This strong foliation dips steeply towards
the SW and is essentially indistinguishable from
the Inverian foliation in the southern and central
parts of the LSZ. However, in the northern part of
the LSZ this main fabric has been identified as

Fig. 4. Interpretation of the Laxfordian structures across the Laxford front in terms of a gently southward-inclined shear
zone with a top to the north sense of shear (after Coward 1974).
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Laxfordian in age (Coward 1990). This conclusion
is difficult to confirm due to the apparent absence
of Scourie Dykes within the northern part of the
LSZ, although the closest Scourie Dykes do seem
to be strongly thinned (Peach et al. 1892;
Fig.2a) – this indicates that at least someof the defor-
mation is Laxfordian, but it may have been supe-
rimposed upon significant Inverian deformation.

Sutton & Watson (1951) defined the southern
boundary of their Badnabay zone by the incoming
of abundant, weakly foliated granitic sheets (the
Rubha Ruadh granites). It is of course very difficult
to draw a boundary along the southern side of the
‘zone of abundant granitic sheets’ since the defi-
nition of ‘abundant’ is naturally subjective. The
most likely candidate for such a boundary would
be the margin of a c. 50 m thick granitic sheet,
which forms steep cliffs on the northern slopes of
Ben Stack, and extends NW as far as Badnabay,
beyond which it divides into thinner sheets that
die out along strike (Fig. 2a). The margin of this
thick granitic sheet (and its extensions to the west)
is discordant with the trend of the main foliation
(as noted by Beach et al. 1974). Furthermore, as
described above, a number of weakly foliated to
undeformed granite sheets up to 10 m thick occur
to the south of this main granite sheet.

The boundary between the Assynt and Rhiconich
terranes, which is considered to lie within the

Fig. 5. Photo of pink Laxfordian granite sheet cutting gneisses with a strong Inverian foliation in the central part of the
Laxford Shear Zone [NC 1637 4941]. Field of view c. 5 m across. BGS photo P593114, # NERC.

Fig. 6. Photo of pink Laxfordian granite sheets cutting
tonalitic gneisses with mafic and ultramafic lenses, in the
northern part of the Laxford Shear Zone [NC 172 507].
Graham Park for scale. Photo # John Myers.

K. M. GOODENOUGH ET AL.112



northern part of the LSZ, should separate banded
tonalitic gneisses with mafic, garnetiferous amphi-
bolitic pods, from migmatitic granodioritic gneisses
to the north. This boundary cannot be defined as a
sharp line on the ground. Around Loch Stack, it is
typically obscured by thick granite sheets, but to
the west it can be traversed at a number of localities.
There are some localities where the boundary can be
placed to within around 100 m, for example, in the
A894 road cuts close to Loch na Claise Fearna
(NC 2044 4710), outcrops of mafic and ultramafic
rocks with associated metasedimentary units
rapidly give way northwards to migmatitic gneisses.
However, in other places the boundary appears
much more gradational on a scale of hundreds of
metres, with the incoming of increasing amounts
of granodioritic material to the north. On the south
side of Loch Laxford, near Rubha Ruadh, abundant
granitic sheets cut tonalitic gneisses with mafic to
ultramafic lenses, which appear to belong to the
Assynt terrane (Fig. 6).

The Rhiconich terrane north of the Laxford

Shear Zone

To the north of Loch Laxford and the Laxford River
(Fig. 2a), thick granitic sheets (.10 m) are much
less common, and the rocks are chiefly migmatitic
amphibolite-facies gneisses with an extensive, ana-
stomosing network of thinner sheets of granite and
pegmatitic granite. The migmatitic gneisses of this
area are grey to pink in colour and broadly grano-
dioritic in composition. Small mafic enclaves
occur locally, but rarely exceed 1 m in size; large
garnet amphibolite bodies are not found. At the
northern margin of the LSZ the main (Laxfordian)
foliation dips steeply to the SW in parallel with
that within the LSZ (Fig. 3). To the north, the
foliation becomes less steep and gradually bends
over to a sub-horizontal attitude at the crest of the
Rhiconich antiform. The foliation is associated
with a moderately SE-plunging lineation similar to
that in the LSZ.

In some places, the granitic sheets make
up .50% of the outcrop area. They are commonly
irregular in shape, cross-cut the gneissose layering,
and are themselves weakly foliated to undeformed.
Locally, foliation-parallel migmatitic leucosomes
can be traced into cross-cutting pegmatitic sheets
(e.g. in road-cuts near Rhiconich at NC 2464
5191), indicating that these intrusive sheets are
largely formed by partial melting of local crust.
This was apparently confirmed by Rb–Sr and Pb
isotopic data for granites north of the LSZ which
indicated crustal sources (Taylor et al. 1984). More
recent experimental work (Watkins et al. 2007) has
suggested that the composition of the granitic sheets

could not be produced by the melting of local crustal
sources in the Rhiconich terrane – although the
parent gneisses used in their experiments had
unusually low K2O/Na2O ratios when compared
with the average compositions for gneisses north
of the LSZ given by Holland & Lambert (1973).
The origin of the granitic sheets in the Rhiconich
terrane is therefore uncertain.

Amphibolite sheets that are interpreted as part of
the Scourie Dyke Swarm are common in the region
north of Loch Laxford. They are pervasively
deformed, with a strong Laxfordian foliation, and
are sub-parallel to the main gneissose layering,
although local low-angle discordances indicate
that the dykes post-date the gneissosity as in the
Assynt terrane. The dykes, together with the gneis-
sose layering, are affected by a set of NE-verging
asymmetric overfolds on a scale of metres (Beach
et al. 1974). The granite and pegmatite sheets cut
both the Laxfordian foliation in the dykes and the
overfolds, being in some cases parallel to the fold
axial planes.

Correlation of structures across the Laxford
Shear Zone depends on the identification of the
dykes in the Rhiconich terrane as part of the
Scourie Dyke Swarm. If this correlation is accepted,
the pre-dyke foliation in the north could be corre-
lated with the Inverian further south. There are
however, significant differences in the post-dyke
(Laxfordian) structure across the LSZ, the most
obvious being the much greater intensity of Laxfor-
dian deformation and folding in the north. These
differences in deformation are most simply
explained by the competence differences between
the granulite-facies Assynt terrane and the more
ductile gneisses of the Rhiconich terrane: exper-
imental evidence shows that anhydrous granulite-
facies rocks are significantly more competent than
hydrous amphibolite-facies rocks (e.g. Wilks &
Carter 1990). The Inverian shear zone provided a
convenient boundary along which the high Laxfor-
dian strain was focused into the more ductile rocks
of the Rhiconich terrane.

Geochemical characteristics of the Assynt

and Rhiconich terranes

The Laxford Shear Zone separates two areas with
very different geochemical characteristics; the
gneisses of the Assynt terrane are conspicuously
depleted in K, Rb, Th and U and have very high
K/Rb ratios, when compared to the gneisses of
the Rhiconich terrane (Holland & Lambert 1973;
Sheraton et al. 1973). The origin of these differences
has been the subject of extensive debate, the
conclusions of which have important implications
for the terrane model.
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The characteristic alkali element depletion in the
Assynt terrane gneisses has been widely attributed
to removal of these elements by CO2-rich fluids
during granulite-facies metamorphism (Sheraton
et al. 1973; Hamilton et al. 1979; Weaver &
Tarney 1981a), although it has also been suggested
that the gneisses represent the residuum left after the
removal of partial melts (Pride & Muecke 1980;
Cartwright & Barnicoat 1987). However, Tarney
& Weaver (1987) raised the possibility that the
element depletions seen in the Assynt terrane
could be a primary feature of the original igneous
intrusions, related to the subduction-zone processes
through which the original magmas were formed.
This idea was supported by the work of Cartwright
& Valley (1992) who used oxygen isotope data to
show that large volumes of fluid did not pass
through the gneisses of the Assynt terrane during
granulite-facies metamorphism, while Rollinson
(1994) provided arguments against partial melting.
More recently, Rollinson (1996) and Rollinson &
Tarney (2005) have argued that the geochemical
features of the Assynt terrane are indeed primary
igneous features, with the original magmas being
derived from a subducting slab that has undergone
incremental melting and early removal of the
fluid-mobile elements.

Recent work has revived the older idea that the
gneisses of the Rhiconich terrane were originally
also depleted, but were metasomatically enriched
in K, Rb, Th and U causing partial melting and mig-
matization, during the Laxfordian (Sutton & Watson
1951; Castro 2004). Although the introduction of
fluid may well have played some role in the Laxfor-
dian migmatization, it is likely that such metasoma-
tism would have been localized along shear zones,
and that it would be possible to find unmetasomatized
regions that preserved a pre-Laxfordian compo-
sition. Examples of this process have been demon-
strated in granulite facies gneisses in the Bergen
Arcs (Austrheim 1987). In the Rhiconich terrane,
all the gneisses – even away from areas of intense
deformation and migmatization – have similar K,
Rb, Th and U contents (Weaver & Tarney 1981a).

It therefore appears most likely that the geo-
chemical differences in the gneisses across the
Laxford Shear Zone are a primary feature, due to
distinctly different protolith geochemistries, rather
than being related to metamorphic histories. The
gneisses of the Assynt terrane were most probably
formed from magmas derived by melting of a sub-
ducting slab (Rollinson & Tarney 2005), whereas
the chemistry of the Rhiconich gneisses is more
like that of modern-day calc-alkaline igneous rocks
and the most likely origin for the parental magmas is
in the mantle wedge above the subducting slab. The
geochemistry thus does indicate that there were
differences in the process of crust formation to

the north and south of the Laxford Shear Zone
(Rollinson 1996).

As part of the recent BGS mapping of the area,
Scourie Dykes from the Rhiconich terrane were
sampled and analysed for major and trace elements
(Table 1). These data can be compared with the geo-
chemistry of the Scourie Dykes in the Assynt
terrane, which has been studied by Weaver &
Tarney (1981b). There is considerable geochemical
variation within the Scourie Dykes of the Assynt
terrane, and the samples from the Rhiconich
terrane lie within the same range. On multi-element
plots (Fig. 7), all the dykes from both terranes are
characterized by negative Nb anomalies, which
have typically been considered to be a feature of
the lithospheric mantle source of the Scourie
Dykes (Weaver & Tarney 1981b). The Scourie
Dykes from within the Rhiconich terrane do typi-
cally have higher K and Rb contents than those
within the Assynt terrane, but this can almost cer-
tainly be attributed to contamination of the
magmas by the surrounding gneisses. Overall, the
geochemical data indicate that Scourie Dykes
from both the Rhiconich and Assynt terranes are
likely to be part of the same dyke swarm.

Does the Laxford Shear Zone separate

two distinct terranes?

The concept of separate terranes that have been
accreted to form a now-contiguous tectonic belt
was developed in the North American Cordillera.
Terranes were described as blocks of crust that are
‘characterised by internal homogeneity and continu-
ity of stratigraphy, tectonic style and history’ with
the boundaries between terranes being ‘fundamental
discontinuities in stratigraphy’ that separate ‘totally
distinct temporal or physical rock sequences’
(Coney et al. 1980). Boundaries between terranes
were considered as ‘faults that usually display
complex structural history’.

Several lines of evidence support the recognition
of different terranes to the north and south of the
Laxford Shear Zone.

† Field and petrographical evidence clearly indi-
cates different metamorphic histories across the
Laxford Shear Zone – in particular the existence
of a granulite-facies metamorphic event that
affected the whole of the Assynt terrane but for
which there is no evidence in the Rhiconich
terrane.

† SIMS U–Pb zircon dating has showed that the
protolith ages of gneisses in the Rhiconich
terrane (2800–2840 Ma) are different from
those in the Assynt terrane (2960–3030 Ma)
(Kinny & Friend 1997).
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Table 1. Major and trace element data for Scourie Dykes from the Rhiconich terrane. Analyses were carried out by XRF, using the PW2400 spectrometer and
standard procedures employed by the UKAS-accredited analytical labs at BGS Keyworth

Sample KG 099 KG 101 KG 103 KG 104 KG 105 KG 106 KG 107
Grid reference NC 227 477 NC 230 482 NC 233 486 NC 269 529 NC 273 527 NC 273 527 NC 282 448

SiO2 wt% 56.80 46.72 45.95 50.47 50.22 49.30 51.04
TiO2 wt% 0.71 2.27 1.20 0.79 1.28 1.56 0.79
Al2O3 wt% 14.30 14.52 8.31 13.48 13.66 13.04 14.99
Fe2O3 wt% 9.86 16.06 14.96 12.19 12.81 13.96 11.29
Mn3O4 wt% 0.16 0.24 0.24 0.21 0.20 0.24 0.20
MgO wt% 5.27 5.40 15.30 7.10 7.06 6.34 7.24
CaO wt% 8.06 8.74 8.14 10.29 10.28 9.69 9.03
Na2O wt% 3.54 2.87 1.20 2.71 2.56 2.68 3.00
K2O wt% 0.92 1.64 2.20 1.18 0.63 1.46 1.46
P2O5 wt% 0.12 0.34 0.11 0.07 0.09 0.11 0.09
LOI wt% 0.71 0.80 1.72 1.09 0.87 0.96 1.27

Total wt% 100.53 99.95 100.00 99.68 99.74 99.44 100.50

Sc ppm 27 35 23 46 36 37 31
V ppm 183 310 273 301 330 365 229
Cr ppm 177 155 .1000 125 210 132 114
Co ppm 36 44 89 45 47 45 38
Ni ppm 49 66 919 77 124 105 121
Cu ppm 6 76 116 103 74 36 9
Zn ppm 69 149 137 92 104 160 102
Ga ppm 17 22 18 15 18 20 21
Rb ppm 9 59 110 35 13 20 37
Sr ppm 409 263 49 201 200 213 256
Y ppm 16 42 13 20 19 25 16
Zr ppm 95 180 76 42 67 85 67
Nb ppm 5 12 3 3 4 5 4
Ba ppm 120 506 343 246 139 199 186
La ppm 19 24 11 ,6 10 9 12
Ce ppm 40 57 20 9 13 21 23
Nd ppm 19 30 15 5 8 11 11
Sm ppm 2 4 6 ,2 4 3 2
Yb ppm 1 6 ,1 3 3 2 3
Hf ppm 1 3 2 ,1 3 4 1
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† A metamorphic event at c. 2490 Ma in the
Assynt terrane (Corfu et al. 1994; Kinny &
Friend 1997) has not been identified in samples
from the Rhiconich terrane.

† The gneisses of the Assynt terrane are strongly
depleted in K, Rb, Th and U and have very
high K/Rb ratios, when compared to the
gneisses of the Rhiconich terrane (Holland &
Lambert 1973; Sheraton et al. 1973). These
geochemical differences are considered to be
igneous rather than metamorphic (Rollinson &
Tarney 2005).

† The Laxford Shear Zone is a major structure with
a complex structural history.

As pointed out by Park (2005), it is possible for
rocks with different protolith ages and geochemis-
tries to occur within the same terrane, simply repre-
senting plutons intruded at different ages but
adjacent to each other. However, in the example
under discussion here, it is clear that the plutonic
rocks to the north and south of the Laxford Shear
Zone have undergone different metamorphic
histories, before being juxtaposed along a major

ductile shear zone. When considered together, the
variation in protolith ages, metamorphic histories,
and protolith geochemistry provide evidence that
the Laxford Shear Zone separates two blocks of
crust that are both temporally and physically dis-
tinct. In this respect, the LSZ satisfies the criteria
laid out by Coney et al. (1980) for a terrane bound-
ary. However, it must be noted that the relative pos-
ition of these terranes, prior to their juxtaposition,
has not been quantified.

When were the two terranes juxtaposed?

There is little doubt that the two terranes were
separated at the time that granulite-facies meta-
morphism (the Badcallian event) took place in the
Assynt terrane, since there is no field, petrographical
or geochronological evidence for this event in the
Rhiconich terrane. The absolute age of this event
is uncertain (Corfu 2007; Friend et al. 2007.
However, a metamorphic event which occurred at
c. 2490 Ma in the Assynt terrane (Corfu et al.
1994; Kinny & Friend 1997) has not been identified
in zircons from the Rhiconich terrane, and this may

Fig. 7. Primitive mantle-normalized trace-element plot for Scourie Dykes north and south of the Laxford Shear Zone.
Data for all groups of Scourie Dykes from Assynt from Weaver & Tarney (1981b). Data for Rhiconich Scourie
Dykes from Table 1.
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indicate that the two terranes were separate up to
this point (Friend & Kinny 2001).

The first event that appears to be common to both
terranes is the intrusion of the Scourie Dykes. The
Scourie Dykes in the Assynt terrane have been
dated as c. 2000–2400 Ma (Heaman & Tarney
1989; Waters et al. 1990); no examples have been
dated from the Rhiconich terrane. As discussed
above, the field relationships and geochemistry of
the dykes in the Rhiconich terrane are compatible
with their being part of the Scourie Dyke Swarm,
and it is therefore possible that the two terranes
were juxtaposed by the time of Scourie Dyke intru-
sion. Unfortunately, no Scourie Dykes can be traced
that cut right across the Laxford Shear Zone; the
early mapping indicated that they are strongly
thinned into the area of intense Laxfordian defor-
mation in the northern part of the LSZ (Peach
et al. 1892).

In their development of a terrane model, Friend
& Kinny (2001) made the assumption that Laxfor-
dian granite sheets (the ‘Rubha Ruadh granites’)
only occur in the Rhiconich terrane. On this basis,
having dated one of these granite sheets at
1854 + 13 Ma, they suggested that the terranes
must have been juxtaposed following the emplace-
ment of the granites. However, as described
above, further study of the field relationships
shows that some granite sheets cut mafic-ultramafic
bodies and metasedimentary gneisses that are gener-
ally agreed to be part of the Assynt terrane, as orig-
inally recognized by Sutton & Watson (1951), and
the granites therefore ‘stitch’ the two terranes. No
dates have yet been published for these granites
within the Assynt terrane, but on the basis of field
relationships they appear likely to be related to the
Rubha Ruadh granites.

It has been shown that partial melting of
Archaean granulite-facies tonalitic gneisses, like
those of the Assynt terrane, only produces very
small amounts of magma (Castro 2004). In contrast,
it is likely that the gneisses of the Rhiconich terrane,
with higher amounts of the fusible, heat-producing
elements and higher contents of hydrous mineral
phases, could produce significantly larger volumes
of partial melt. Thus, we suggest that partial
melting and formation of granitic magmas occurred
preferentially on the north side of the Laxford Shear
Zone, with only limited intrusion of granites on the
southern side. Similarly, later Laxfordian defor-
mation was preferentially taken up by the more
ductile gneisses to the north. The heat source that
caused the partial melting is unknown, but it is
possible that it may have been due to the intro-
duction of more primitive, mantle-derived magma
into the base of the crust. However, the only mafic
magmatism known around that time is the South
Harris Complex of the Outer Hebrides Lewisian,

which was intruded at c. 1880–1890 Ma (White-
house & Bridgwater 2001; Mason et al. 2004),
some time prior to the formation of the Rubha
Ruadh granites.

We have shown that the two terranes were
certainly juxtaposed prior to c. 1854 Ma granite
intrusion, and probably prior to the 2000–
2400 Ma Scourie Dyke intrusion, but clearly after
the Badcallian granulite-facies metamorphism in
Assynt. We therefore suggest that the two terranes
were brought together during the first and most
pervasive phase of deformation on the LSZ; the
Inverian event. During this event, deformation was
focused along the terrane boundary as the granulite-
facies gneisses of the Assynt terrane were thrust
over the gneisses of the Rhiconich terrane
(Coward & Park 1987). It should be noted that the
terms ‘Badcallian’ and ‘Inverian’ are used here as
they were originally defined; that is, as the granulite-
facies and amphibolite-facies events, respectively,
that occurred prior to the intrusion of the Scourie
Dyke Swarm. The absolute age of these events con-
tinues to be the subject of debate (Corfu 2007;
Friend et al. 2007), which cannot be resolved by
the evidence presented here.

Conclusion

This reappraisal of the Laxford Shear Zone high-
lights the importance of integrating field obser-
vations with geochronological and geochemical
data in the development of any geological model
for high-grade gneiss areas. There is significant
evidence to show that the Assynt and Rhiconich ter-
ranes represent separate blocks of crust with very
differing histories: the geochemical data illustrate
differences in their petrogenesis, whilst geochrono-
logical, petrological and field data show that the
Assynt terrane has experienced a granulite-facies
tectonic event that did not affect the Rhiconich
terrane.

These two separate terranes were juxtaposed
along the major Laxford Shear Zone, which was a
locus for both Inverian and Laxfordian deformation.
Reappraisal of the field relations has indicated that
Laxfordian granites occur across the Laxford
Shear Zone and thus it is likely that the terranes
were juxtaposed prior to the Laxfordian event. We
therefore suggest that terrane juxtaposition occurred
during the Inverian event, the exact age of which is
as yet uncertain (although it is likely that it occurred
relatively soon after the Archaean – Proterozoic
boundary at c. 2500 Ma). The terrane-bounding
shear zone was substantially reactivated during the
Laxfordian, as a site of both deformation and
magmatism.

Many questions remain to be answered with
reference to the formation of the Laxford Shear
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Zone. How much movement was there along the
LSZ in the Inverian, and what exactly were the
kinematics of shearing? Do the mafic-ultramafic
and metasedimentary rocks found within the LSZ
represent a fragment of ocean floor that once separ-
ated the terranes and that was then accreted to the
continental margin, as suggested by Park &
Tarney (1987) – or were the two crustal blocks
formed at a distance from each other within the
same continental mass, and subsequently moved
together? How can we harness the different avail-
able techniques to improve our interpretation of
the complex zircons found in the Lewisian gneisses,
and thus reach a consensus on the dates of the main
events? What, indeed, is the absolute age of the
Inverian, and was this a time of more regional
terrane amalgamation? What were the tectonic pro-
cesses that were operating at the end of the Archaean
to bring these terranes together? As ever, the rocks
of the Lewisian Gneiss Complex remain a fruitful
subject for further research.

R. Butler, R. Holdsworth, M. Krabbendam, R. Law and
R. Strachan organized the conference in Ullapool that
stimulated our discussions on the Laxford Shear
Zone. R. Parrish, M. Hand and J. Mendum, as well as
many other participants of the Ullapool conference, are
thanked for discussions in the field. Editorial comments
by R. Strachan, constructive reviews by H. Rollinson
and M. Whitehouse, and comments on an earlier version
by R. Key and M. Smith, were much appreciated.
K. M. Goodenough, M. Krabbendam, Q. Crowley and
S. C. Loughlin publish with the permission of the Execu-
tive Director of the Geological Survey.
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Abstract: This contribution presents a new model for the Grampian-age tectonothermal develop-
ment of the Buchan Block and Barrovian-type regions to its west, in the Grampian Terrane, Scot-
land. The model has drawn on evidence gathered from field mapping, microstructural analysis,
metamorphic petrology and mafic magma geochemistry to propose that emplacement of the Gram-
pian gabbros and regional metamorphic heating associated with production of Barrovian- and
Buchan-type units occurred during syn-orogenic (Grampian-age), lithospheric-scale extension.
Extension followed lithospheric thickening associated with the initiation of Grampian orogenesis
and was followed by renewed lithospheric thickening and termination of the extensional heating.
Mantle melting to produce the Grampian gabbros of the Grampian Terrane was achieved by exten-
sional thinning of the lithosphere and decompression melting of the asthenosphere at depths of less
than 70 km. Advection of heat from the mantle with emplacement of the Grampian gabbros aug-
mented elevated heat budgets associated with attenuation of isotherms during extension. Depo-
sition of the uppermost Dalradian (the Whitehills and Boyndie Bay Groups and the Macduff
Slates) occurred during Grampian-age lithospheric extension. A gently-dipping, mid-crustal
detachment focused metamorphic heat sources and accommodated significant lithospheric-scale
strain, allowing independent thermal evolution of units in its hanging wall (the Buchan Block)
and footwall (Barrovian-type units).

Barrovian- and Buchan-type metamorphism repre-
sent two classic examples of metamorphism associ-
ated with certain mineral assemblages in pelites and
corresponding trajectories in pressure–temperature
(P–T ) space (Fig. 1). The terms Barrovian meta-
morphism and Buchan metamorphism appeared in
the geological literature following the work of
Barrow (1893, 1912) and of Read (1923, 1952),
respectively, in the Grampian Terrane, Scotland.
Barrow and Read each observed systematic
changes in the mineral assemblage preserved in
pelitic lithologies with space, which they interpreted
to indicate changes in the metamorphic conditions
to which the rocks were subjected. Barrovian- and
Buchan-type metamorphic sequences are comm-
only found at convergent plate boundaries and
conditions responsible for production of these
metamorphic assemblages emerge from thermotec-
tonic processes that operate in these settings.

The classical Barrovian metamorphic sequence
described by Barrow (1893, 1912) crops out in the
SE of the Grampian Terrane, Scotland, immediately
NW of the terrane-bounding Highland Boundary
Fault (HBF) (Fig. 2a). The sequence is typified by
the successive appearance of chlorite, biotite,
garnet, staurolite, kyanite and sillimanite with
increasing metamorphic grade, from SE to NW
(Fig. 2a). Metamorphic units of the Grampian
Terrane that occur west of the classical sequence
of Barrow (1893, 1912) and west of the Portsoy-
Duchray Hill Lineament (PDHL) of Fettes et al.
(1986) also experienced metamorphism along
Barrovian-type P–T trajectories during Grampian
orogenesis.

The type locality for the Buchan metamorphism
described by Read (1923, 1952) occurs within the
Ythan Valley, SE of the Kirktown of Auchterless
in Aberdeenshire (Fig. 3). The sequence preserves

From: LAW, R. D., BUTLER, R. W. H., HOLDSWORTH, R. E., KRABBENDAM, M. & STRACHAN, R. A. (eds) Continental
Tectonics and Mountain Building: The Legacy of Peach and Horne. Geological Society, London, Special Publications,
335, 121–160. DOI: 10.1144/SP335.7 0305-8719/10/$15.00 # The Geological Society of London 2010.



biotite, cordierite, andalusite and sillimanite with
increasing metamorphic grade (Fig. 2a). Staurolite
also appears in andalusite- and sillimanite-grade
rocks of Buchan-type metamorphic sequences
west of the classical example (Fig. 2a). Units that
preserve Buchan-type metamorphic assemblages
within the Grampian Terrane are restricted to
regions east of the PDHL (Fig. 2a) and north of
the sillimanite isograd that demarcates the northern
extent of the classical Barrovian series in the SE
(Fig. 2a). The Buchan-type metamorphic units of
the Grampian Terrane define a discrete lithostrati-
graphic ‘block’ in the NE of the Grampian
Terrane, referred to as the Buchan Block (Fig. 2a).
Evidence for Grampian-age (c. 470 Ma) magma-
tism within the Grampian Terrane is restricted to
the Buchan Block (Fig. 3). Voluminous granite
and gabbro plutons occur in association with large-
scale shear zones (Ashcroft et al. 1984), the most
prominent of which, the PDHL, forms the western
boundary to the Buchan Block.

A study of the transition between Barrovian- and
Buchan-type metamorphic units of the Grampian
Terrane was initiated to explore their relative
timing of development and the tectonic setting
within which they were produced. The study has
focused on the structural and metamorphic history
of the units that crop out between kyanite-zone
units at Logie Head and biotite-zone units of the
Buchan-type units at Macduff (Fig. 2b). The

transect (Portsoy transect) incorporates the PDHL,
which marks the transition between Barrovian-
and Buchan-type units on the coast at Portsoy
(Fig. 2a). Whole-rock geochemistry of the igneous
units at Portsoy has provided additional information
to constrain the tectonic setting of their emplace-
ment. A model that places development of the
Barrovian- and Buchan-type metamorphic units of
the Grampian Terrane within a tectonic and mag-
matic framework is proposed based on the struc-
tural, metamorphic and igneous evidence that
is presented.

Geological background

Structure

Similar to other parts of the Grampian Terrane, the
structure of the Buchan Block has been interpreted
as having a nappe style of architecture. Read
(1955) proposed that, on the basis of lithological
and structural relationships exposed on the east–
west trending Aberdeenshire coast around Banff,
the Buchan Block was dominated by a large-scale,
ESE-facing recumbent fold structure he termed the
Banff Nappe. The nappe model of Read (1955)
suggested that the upper limb of the Banff Nappe
was removed along a tectonic dislocation known
as the Boyne Line. The Boyne Limestone, White-
hills and Boyndie Bay Groups and the Macduff

Fig. 1. Typical-pelite MnNCKFMASH pseudosection from Boger & Hansen (2004, p. 520, fig. 5a) with fields for
Barrovian- and Buchan-type metamorphism in P–T space, as defined from estimates made for the P and T of
metamorphism in the east of the Grampian Terrane (Harte & Hudson 1979; Hudson 1985; Baker 1985;
Beddoe-Stephens 1990; Zenk & Schulz 2004). Abbreviations include: and, andalusite; cd, cordierite; chl, chlorite;
cz, clinozoisite; g, garnet; H2O, water; ksp, K-feldspar; ky, kyanite; liq, liquid; mu, muscovite; pl, plagioclase; q, quartz;
sill, sillimanite; st, staurolite.
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Fig. 2. Map of the Grampian Terrane, Scotland, showing (a) the distribution of metamorphic mineral isograds,
magmatic bodies and post-Grampian sediments, and (b) localities for whole-rock samples from the Portsoy transect
(enlargement of rectangle indicated on Fig. 2a. Inset at top left of Fig. 2a provides a broader location map and shows the
Buchan Block within the Grampian Terrane). GGF, Great Glen Fault; HBF, Highland Boundary Fault; IS, Iapetus
Suture; PDHL, Portsoy-Duchray Hill Lineament; SUF, Southern Uplands Fault. Compiled after Barrow (1912), Elles &
Tilley (1930), Hudson (1980) and Fettes et al. (1986). Mineral abbreviations follow the recommendations of
Kretz (1983).
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Slates were brought into contact with the gneissic
core of the underlying nappe (the Cowhythe,
Donside, Ellon and Inzie Head Gneisses) by move-
ments along the Boyne Line. In Read’s model, high-
grade units exposed in association with high-strain
zones in the regions of Portsoy and Fraserburgh on
the Aberdeenshire coast represent surface breaching
of the nappe core from beneath the right-way-up
Dalradian metasediments that crop out in the inter-
vening region. Isotopic (Rb–Sr) work carried out
on the Ellon and Inzie Head Gneisses indicates
that their metamorphism pre-dates Dalradian sedi-
mentation (Sturt et al. 1977), and Ramsay & Sturt
(1979) used this as evidence to propose an
allochthonous origin for units of the Buchan
Block, involving a basement-cover relationship
between the Proterozoic gneisses and Ordovician
metasediments brought into contact by movement

along the Boyne Line. G. J. H. Oliver (unpublished
data) holds U–Pb zircon evidence to support the
pre-Dalradian origin for the Cowhythe Gneiss pro-
posed by Sturt et al. (1977) and Ramsay & Sturt
(1979). Ashcroft et al. (1984) interpreted high-strain
regions of the Buchan Block as representing long-
lived shear zones responsible for the lithostrati-
graphic juxtapositions that Read (1955) observed,
thereby refuting the nappe model. The Ashcroft
et al. (1984) model interprets the Buchan Block as
autochthonous to the surrounding Dalradian, its
unique character within the Grampian Terrane
related to the proposed vertical transposition of the
block, relative to neighbouring regions, along the
major shear zones that surround it.

The importance of shear zones in the tectonic
development of the Grampian Terrane, and in par-
ticular in the Buchan Block, is well documented

Fig. 3. Map of the Buchan Block displaying major magmatic bodies and Dalradian stratigraphic units after Ashcroft
et al. (1984) and Goodman (1994). ABLþ BL, Ardwell Bridge Lavas and Blackwater Lavas; AG, Aberdeen
Granite; ACG, Aberchirder Granite; BCG, Boganclogh Gabbro; BG, Belhelvie Gabbro; BM, Balnacraig Metabasite;
BVG, Ben Vuirich Granite; CG, Cowhythe Gneiss; CMG, Coyles of Muick Gabbro; DG, Donside Gneiss; DHG,
Duchray Hill Gneiss; EG, Ellon Gneiss; FB, Farragon Beds; GB, Green Beds; HG, Huntly Gabbro; HHG, Haddo House
Gabbro; IG, Insch Gabbro; IHG, Inzie Head Gneiss; KG, Keith Granite; KnG, Knock Gabbro; LHG, Longmanhill
Granite; MCG, Morven-Cabrach Gabbro; MG, Maud Gabbro; PG, Portsoy Gabbro; PGr, Portsoy Granite; RCG, Rough
Craig Granite; SG, Strichen Granite.
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(e.g. Ashcroft et al. 1984; Fettes et al. 1986, 1991;
Baker 1987; Goodman 1994). Ashcroft et al.
(1984) first described an extensive network of
shear zones within the Buchan Block that host
large, syn-deformational igneous intrusive bodies
(Fig. 3). These thin zones of intense strain are
coincident with changes in lithostratigraphy, and
divide regions with different structural histories.
The most significant shear zone in the NE of the
Grampian Terrane defines the western boundary of
the Buchan Block (Fig. 2a), and is referred to in
the literature as the Portsoy–Duchray Hill Linea-
ment (PDHL). The PDHL has been mapped as a
feature that is variable in thickness along its
length, but continuous for over 100 km.

Fettes et al. (1986) revealed the true significance
of the PDHL. They demonstrated a spatial relation-
ship between a number of sudden changes in the
geology, geochemistry and geophysics of the Gram-
pian Terrane with a zone of intense shear defor-
mation that winds from Portsoy, approximately
SSW, to Duchray Hill (Fig. 3). The shear zone
incorporates a number of variably dismembered
gneissic and igneous bodies, some of which pre-
date Grampian tectonism, and others that intruded
into, or developed within, the zone of active shear-
ing during Grampian orogenesis. Igneous units are
so abundant within the PDHL that the shear zone
can be traced, in regions of poor outcrop, using mag-
netics alone (Fettes et al. 1991). Regional surveys
carried out by the British Geological Survey have
demonstrated discrete differences in the geochemis-
try and gravity response of units either side of the
PDHL (Fettes et al. 1986). The gravity map of
Figure 4 demonstrates clearly the distinct nature of
the Buchan Block with respect to neighbouring
Grampian regions in the anomalously high gravity
response of the Buchan Block. Stratigraphic units
are disrupted by the presence of the PDHL, and
interpreted excision of stratigraphy has been pro-
posed as further evidence for a significant move-
ment history associated with the shear zone (Fettes
et al. 1991). Evidence for antiquity of the feature
may lie in the rapid lateral facies variations that
occur within the region of the PDHL, consistent
with activity of the feature during Late Proterozoic
deposition of Dalradian sediments (Fettes et al.
1986, 1991). Most importantly for this work, the
PDHL marks the transition between the Barrovian-
and Buchan-type metamorphic units at the western
boundary of the Buchan Block (Fig. 2a). In addition
to defining a break in the metamorphic pattern, the
PDHL has influenced the location of sillimanite-
and migmatite-grade units (Kneller & Leslie 1984).

A broad zone of partitioned shear defines the
PDHL, within which units vary in strain intensity,
from relatively undeformed to ultra-mylonitic. A
number of discrete, sub-vertical shear zones have

been recognized, the most well known of which
are the Portsoy Thrust of Elles (1931) and the
Boyne Line of Read (1955). These shear zones are
visible in coastal exposures of the PDHL near
Portsoy, and define distinct Grampian-age shear
planes. The structure of the PDHL records an exten-
sive movement history with a dominantly top-to-
the-east normal-sense (Ashcroft et al. 1984) or
top-to-the-west thrust-sense movement (Baker
1987; Beddoe-Stephens 1990; Dempster et al.
1995). Careful structural mapping carried out by
Carty (2001) revealed that kinematic indicators
with both top-to-the-east and top-to-the-west move-
ment sense occur within the PDHL at Portsoy.
Movement along the Portsoy Thrust and Boyne
Line appears to have resulted in significant excision
of stratigraphy west of Portsoy, evidenced by the
fact that these features bound the potentially
basement-derived Cowhythe Gneiss unit (Ramsay
& Sturt 1979; G. J. H. Oliver unpublished data).

Late, open folding of Buchan Block lithologies
formed a NNE-trending, synclinal/anticlinal fold
pair known as the Turriff Syncline and Buchan
Anticline (Read & Farquhar 1956). Axial traces of
the late folds are defined in the isobaric pattern
preserved by the regional metamorphism (Chinner
1966; Harte & Hudson 1979; Baker 1987; Fig. 5).
Metamorphic isograds of the Buchan Block appear
to cut the late folds, suggesting that thermal relax-
ation followed the fold movements and thus that
late folding commenced prior to cooling of the
country rocks (cf. Read & Farquhar 1956). The
relationship between pressure and temperature dis-
tribution in the NE of the Grampian Terrane is illus-
trated by the isobar/isotherm maps of Chinner
(1966) and suggests that the inferences of Read &
Farquhar (1956) concerning the timing of meta-
morphism with respect to late folding were
correct. Conversely, the isobars and isotherms of
Harte & Hudson (1979) and Baker (1987) for the
NE of the Grampian Terrane display a congruence
that suggests post-metamorphic formation of the
Turriff Syncline and Buchan Anticline. Obser-
vations, in the field, of lithologies that have been
cross-cut by isograd boundaries have been made
for folds related to the Boyndie Syncline in units
of the Banff division (Sutton & Watson 1956).

The Boyndie Syncline is a large scale, monofor-
mal fold whose hinge zone lies immediately west of
Banff. Early workers assigned the Boyndie Syncline
an early Grampian structural timing (Sutton &
Watson 1956), on the basis of structural changes
observed between its steeply-dipping western and
gently-dipping eastern limbs. In a later revision,
the timing of the folding that formed the Boyndie
Syncline was deemed equivalent to that for the
development of the Turriff Syncline and Buchan
Anticline (Johnson & Stewart 1960; Johnson
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1962; Fettes 1970). Later, Treagus & Roberts
(1981) concluded that the fold set is an early,
rather than a late feature. Stephenson & Gould
(1995) have also questioned the age of the Turriff
Syncline and Buchan Anticline, contending that
one, or both, may have developed later than
suggested by calculations based on conventional
models for structural development of the Buchan
Block. Much confusion still surrounds the structural

timing of large folds of the Buchan Block, in
particular the Boyndie Syncline.

Magmatism

Read (1919) divided the mafic igneous units of
Aberdeenshire into an ‘older’ series and a
‘younger’ series on the basis of differing strain
intensity. More recent mapping has shown that

Fig. 4. Annotated shaded relief image of the gravity anomaly map of the Grampian Terrane, Scotland, (after Trewin &
Rollins 2002, p. 17, fig. 1.7). Bouguer gravity anomaly onshore, and free-air anomaly offshore is illuminated by a sun
angle of 458 from the north. Colour scheme relates to gravitational acceleration (in mgal) measured from gravitational
surveys (calibration bar located beneath the map). GGF, Great Glen Fault; HBF, Highland Boundary Fault; PDHL,
Portsoy-Duchray Hill Lineament.
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some mafic igneous units assigned an ‘older’ age by
Read (1919) are in fact deformed members of the
‘younger’ series (Leslie 1984; Munro & Gallagher
1984). Lithostratigraphical and geochronological
studies support the early interpretation of Read
(1919), which holds that two episodes of mafic mag-
matism occurred. For the purpose of this study,
igneous units belonging to Read’s (1919) ‘older’
series are prefixed with ‘Dalradian’ whereas units
of his ‘younger’ series are prefixed with ‘Grampian’.
Post-Grampian felsic magmatic units that are abun-
dant within the Grampian Terrane are referred to in
the following sections as ‘Late-Caledonian’ units.
All igneous bodies mentioned in the following
sections can be located on Figure 3.

Dalradian magmatism. The Dalradian magmatic
units of the Grampian Terrane include all igneous
units that crystallized prior to the first phase of
the deformation associated with the Grampian
Orogeny (sensu Lambert & McKerrow 1976).
They comprise a series of Precambrian, syn-
depositional (Dalradian-age) mafic- and ultramafic-
volcanic and sub-volcanic units and a series of felsic
intrusive bodies, referred to here as the Dalradian
metabasites and Dalradian granites, respectively.

Volcanic and sub-volcanic mafic and ultramafic
units of Dalradian age are recognized across the
Grampian Terrane, for example, the Tayvallich
and Loch Avich Volcanics of Argyllshire (Wilson
& Leake 1962; Graham 1976); the Portsoy Metaba-
sites (this study), Ardwell Bridge Lavas (Mac-
Gregor & Roberts 1963) and Blackwater Lavas
(Fettes & Munro 1989; Fettes et al. 1991) of Aber-
deenshire; the Farragon Beds and Balnacraig
Metabasites (Goodman & Winchester 1993) of
Perthshire, and the Green Beds (van de Kamp
1970) of Perthshire and Argyllshire. At all of
these localities, the metavolcanic units are situated
within the upper Argyll Group stratigraphy, or
at the base of the Southern Highland Group
(McDonald et al. 2005). In the NE of the Grampian
Terrane, the lithostratigraphic transition between
the Argyll Group and the Southern Highland
Group lies within the high-strain zone that forms
the Portsoy-Duchray Hill Lineament (PDHL) of
Fettes et al. (1986). Consequently, units of the Dal-
radian metabasites are commonly dismembered and
display complex lithostratigraphic relationships
with surrounding units. U–Pb dating of zircons
from the Tayvallich Volcanics has revealed an erup-
tion age of 595 + 4 Ma (Halliday et al. 1989). This
age is within error of a sensitive high-resolution
ion microprobe (SHRIMP) U–Pb zircon age of
601 + 4 Ma obtained from the Tayvallich Volca-
nics by Dempster et al. (2002), and suggests that
these mafic volcanic units from the Dalradian
stratigraphy were deposited at c. 600 Ma.

Fig. 5. Pressure–Temperature distribution maps
produced by (a) Chinner (1966), (b) Harte & Hudson
(1979) and (c) Baker (1987) for the NE of the Grampian
Terrane.
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A number of granite bodies (including the Ben
Vuirich and Rough Craig Granites of Perthshire
and the Portsoy and Keith Granites of Aberdeen-
shire) occur in association with the Dalradian meta-
basites. The Dalradian granites display geochemical
and isotopic signatures consistent with their classifi-
cation as A-type granites (Tanner et al. 2006). The
emplacement of A-type felsic rocks into the Dalra-
dian series pre-dates the earliest deformation associ-
ated with the Grampian orogenic episode (Tanner
1996; Tanner et al. 2006), and is thought to have
occurred during rifting associated with the
break-up of Rodinia (Tanner et al. 2006). Geochem-
ical analysis of pseudomorphed cordierite and anda-
lusite (chiastolite) porphyroblasts in the contact
aureole of the Ben Vuirich Granite was linked to
the results of two-dimensional (2D) heat flow mod-
elling to estimate the pressures and temperatures of
the contact metamorphism (Ahmed-Said & Tanner
2000). The Ben Vuirich Granite was emplaced
under ambient pressures of �2 kbar, producing a
thermal perturbation that allowed country rocks
to achieve temperatures of about 600 8C (Ahmed-
Said & Tanner 2000). U–Pb dating of zircons
from Dalradian granites has yielded emplacement
ages of 590 + 2 Ma (Rogers et al. 1989) and
597 + 11 Ma (Pidgeon & Compston 1992) for the
Ben Vuirich Granite, 600 + 3 Ma (Tanner et al.
2006) for the Portsoy Granite and 601 + 4 Ma
(Tanner et al. 2006) for the Keith Granite. These
studies indicate that the Dalradian granites were
intruded at shallow crustal levels at c. 600 Ma, syn-
chronous with mafic volcanism and the late stages of
deposition of the Argyll Group sediments.

Grampian magmatism. Grampian magmatic units
are defined here as all igneous units that carry evi-
dence of Grampian age deformation, and that also
demonstrably post-date the onset of Grampian oro-
genesis (sensu Lambert & McKerrow 1976). The
Grampian-age magmatic suite includes both mafic
and felsic intrusive units, referred to as the Gram-
pian gabbros and Grampian granites, respectively.
All Grampian-age igneous bodies are restricted to
the NE of the Grampian Terrane, and occur in
association with high-temperature, low-pressure
(Buchan-type) metamorphism.

Major shear zones transect and bound bodies
of the Grampian gabbros (Ashcroft et al. 1984).
Movement immediately following emplacement of
the igneous bodies is recognized on the major
shear zones that host them (Ashcroft et al. 1984;
Kneller & Leslie 1984), although the shear zones
preserve a pre-Grampian deformation history
(Fettes et al. 1986, 1991). The Grampian gabbros
were emplaced during the regional metamorphism
in the NE of the Grampian Terrane (Fettes 1970;
Pankhurst 1970; Ashworth 1975), and also produced

localized thermal effects that were superimposed
on the regional metamorphic pattern (Fettes 1970;
Pankhurst 1970; Ashworth 1975).

Studies carried out in the metamorphic aureoles
of the Grampian gabbros of the Grampian Terrane
suggest that contact metamorphism of country
rock occurred at pressures of 4–5 kbar (c. 15–
18.5 km) and temperatures between 700 and
850 8C (Droop & Charnley 1985). Fettes (1970)
showed that the Grampian gabbros of the Buchan
Block, collectively, constitute a deformed and dis-
rupted ‘sheet’. Droop & Charnley (1985) obtained
identical depth-of-emplacement estimates for
several bodies of the Grampian gabbros, suggesting
that the Grampian gabbro sheet originated as a planar
and sub-horizontal feature. Large-scale folding that
followed peak metamorphism of the Buchan Block
is held responsible for the current outcrop pattern
of the Grampian gabbros (Fettes 1970).

U–Pb dating of zircon has produced age esti-
mates of 470 + 9 Ma for the Insch Gabbro
(Dempster et al. 2002) and 471 + 1.7 Ma (Carty
et al. 2002) and 471.9 + 2.4 Ma (Oliver et al.
2002) for the Portsoy Gabbro. Geochronology of
the Grampian gabbros suggests that mafic magma-
tism occurred at c. 471 Ma.

A sequence of Grampian-age gabbroic bodies
also occurs in the Dalradian of western Ireland.
U–Pb zircon work has demonstrated that the empla-
cement ages of these gabbros –470.1 + 1.5 Ma and
474.5 + 1.0 Ma for the Cashel-Lough Wheelaun
and Currywongaun Gabbros, respectively (Friedrich
et al. 1999) – are identical to those of the Grampian
gabbros. Like the Grampian gabbros, the gabbros
of Connemara have been mapped as a folded and
disrupted sheet (Thompson et al. 1985). The Irish
gabbros display an identical timing of emplacement
to the Scottish Grampian gabbros with respect to
the structural and metamorphic history (Wellings
1998).

A number of Grampian-age granites crop out in
association with the Grampian gabbros in the NE
of the Grampian Terrane. The granites crystallized
during regional metamorphism (Ashcroft et al.
1984; Kneller & Leslie 1984; Kneller & Aftalion
1987), were emplaced into major shear zones of
the Buchan Block and are of a similar age to the
Grampian gabbros. The Grampian granites display
S-type characteristics including initial 87Sr/86Sr
values of 0.710–0.720, peraluminous chemistry
and inherited zircon populations (Pidgeon &
Aftalion 1978; Harmon 1983). Johnson et al.
(2003) used geochemical evidence to suggest that
the Grampian granites formed by partial melting
of the middle crust within the major shear zones
that enclose the Grampian gabbros. Kneller &
Aftalion (1987) demonstrated an emplacement age
of 470 + 1 Ma for the Grampian-age Aberdeen
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Granite using U–Pb techniques on monazite.
Dating of the Strichen Granite carried out by
Pidgeon & Aftalion (1978) and Oliver et al.
(2000) gave ages of 475 + 5 Ma (U–Pb monazite)
and 467 + 6 Ma (U–Pb zircon), respectively.
These two ages for the Strichen Granite are within
error of each other and of the 470+1 Aberdeen
Granite age, suggesting an emplacement age of
c. 470 Ma for the Grampian granites.

Late-Caledonian magmatism. Following Grampian
orogenesis, widespread magmatic activity in the
Caledonides of Britain and Ireland persisted until
c. 400 Ma. Granite bodies emplaced after c. 460 Ma
display no evidence of deformation or association
with mafic magmatism in the Grampian Terrane
and are classified as members of the Late-
Caledonian granites (Oliver 2001). On the basis of
geochronology and 87Sr/86Sr initial ratios, post-
Grampian Late-Caledonian granites can be divided
into two distinct groups (Oliver 2001). Early
(c. 460–435 Ma) granites display S-type affinities
and 87Sr/86Sr initial ratios identical to those for
Grampian-age granites, whereas later (c. 435–
400 Ma) granites yield markedly lower 87Sr/86Sr
initial ratios and have I-type affinities. An associ-
ation between the distribution of post-tectonic gran-
ites and the presence of major lineaments in the
Grampian Terrane suggests that magmatism was
either coeval with movement on these major shear
zones (Jacques & Reavy 1994) or that pre-existing
structures were utilized as migration pathways for
magmatism (Oliver 2001).

Methods

Mapping approach

In the light of confusion caused by the application of
classical nomenclature (D1, D2, D3 . . .) to structural
studies carried out in the Grampian Terrane (cf.
Stephenson & Gould 1995) we have sought an
alternative approach to deformation sequencing.
For the presentation of the results of the structural
study we have utilized a descriptive approach to
labelling deformation fabrics and episodes similar
to that outlined by Forster & Lister (2008) and
Beltrando et al. (2008). It is felt that this alternative
approach provides a more flexible structural frame-
work into which new tectonic information can more
easily be inserted.

Whole-rock geochemistry

Fresh material was chipped then crushed to a fine
powder using a tungsten carbide mill. Glass disks,
made by dissolution of the powders in molten
lithium borate, were analysed for major element

abundance using a Spectro X-LAB 2000 energy dis-
persive X-ray fluorescence spectrometer equipped
with a 3.0 kW Rh anode X-ray tube, housed at the
School of Geography and Geosciences, University
of St. Andrews. The accuracy of the method was
better than +5% (2s) for major element analyses
of the granitic rock standards GA and AC-E.

Trace element abundances were determined
using the Perkin Elmer ELAN 5000 inductively
coupled plasma mass spectrometer housed at the
School of Earth, Ocean and Planetary Sciences,
Cardiff University. Prior to analysis, powders were
dissolved under pressure using acid (HF-HNO3)
digestion techniques. External precision for the
instrument is better than +5% (2s) and the over-
all accuracy is better than +6% (2s), as determined
from analyses of well known, internationally certi-
fied reference materials.

Structure of the Portsoy transect

To gain a better understanding of the chronology of
sedimentation, metamorphism, magmatism and
deformation that affected the NE of the Grampian
Terrane, detailed mapping was carried out along a
transect that stretches from Logie Head to
Macduff (the Portsoy transect) on the Aberdeenshire
coast (Fig. 2). Exposed in this transect are narrow
(decametre wide) zones of intense shear that are
coincident with broad changes in lithostratigraphy,
deformation style and the structural history the
rocks preserve (Fig. 6). Mapping identified seven
discrete zones that preserve unique structural his-
tories (Fig. 6). Correlation of structures across the
seven sections are made in a summary of the
regional structure of the Portsoy transect. Geo-
graphic locations referred to in the text are shown
on Figure 6.

Results of mapping

Logie Head to Sandend – Section 1. The region
between Logie Head and Sandend comprises a
series of SW–NE trending units belonging to the
Appin and Grampian Groups of the Dalradian
Supergroup. Upsequence, toward the east from
Logie Head, units become increasingly calcareous,
passing from quartzites containing sporadic semi-
pelitic and pelitic intercalations through flaggy
psammites and pelites to the limestones that crop
out in and around Sandend Harbour. At Garron
Point, narrow actinolite schist units represent
metabasic lithologies of volcanic or volcano-
sedimentary origin (Mact).

Throughout Section 1, bedding maintains a
steeply (75–908) SE- or NW-dipping attitude.
Early, bedding-parallel boudinage (Dboudin) is indi-
cated by the presence of meta-limestone pods
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Fig. 6. Map of the Portsoy transect displaying distinct structural domains identified from mapping, and stereographic projections of poles to fabrics mapped within them.
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hosted in pelitic units of the Sandend Harbour
region. Boudinaged beds are folded by a west-
vergent, upright, close to open, subrounded fold
generation (FW) (Fig. 7a). Stereonet data in
Figure 6 indicates that steep, long limbs dominate
the fold structures, giving the fold envelope a
steeply SE-dipping orientation. Two late fold gener-
ations defined as crenulations are observed in
the section and are interpreted to represent a NE-
trending, upright fold generation (Fupright) and
a gently (25–358) NW-dipping fold generation
(Fgentle). Pelitic units from near to Logie Head
carry both generations of crenulation, and cross-
cutting relationships suggest that the upright gener-
ation post-dates the more gently-dipping generation.
Garnetiferous semipelites from the Logie Head
region display an additional fabric, which cross-cuts
bedding and the layer-parallel fabric at a low angle,
forming an intersection lineation that can be traced
around hinges of folds of the upright, west-vergent
fold generation. The fabric-forming event is label-
led Dla. A structural sequence for the Logie Head
to Sandend sequence can be written as follows:

BbedMactDboudinDlaFW FgentleFupright (1)

where Bbed, deposition event responsible for sedi-
mentary layering; Mact, magmatism that formed
protoliths to the actinolite schists; Dboudin, defor-
mation responsible for layer-parallel boudinage;
Dla, deformation represented by a foliation at a
low angle to bedding; FW, west-vergent folding;
Fgentle, folding associated with a gently NW-dipping
crenulations; and Fupright, folding associated with a
late upright crenulation.

Sandend Bay – Section 2. According to Stephenson
& Gould (1995), Sandend Bay represents the point
where the Keith Shear Zone, which sits structurally
below the Portsoy Shear Zone (PSZ), meets the
coast. Outcrop is generally absent within the bay,
although isolated occurrences of chiastolite schist
show evidence of intense shear deformation. At
the east side of Sandend Bay, outcrop commences
with the appearance of semi-carbonitic psammites,
which give way to a series of finely interbedded
calc-silicates and psammites to the east that,
despite the localized appearance of units of the post-
Grampian Old Red Sandstone, persist to Red Haven.

Early layer-parallel boudinage (Dboudin) and
rootless isoclinal folds (Fiso) occur parallel to
bedding in the semi-carbonitic psammites and inter-
bedded calc-silicates and psammites east of
Sandend Bay. An intense, generally east- to
SE-dipping (at 60–808) layering exhibited within
the section, post-dates layer parallel boudinage
and appears to be associated with transposition of
isoclinal folds. Strongly-aligned minerals along

the shear plane are slightly oblique to the down-
dip direction. Kinematic indicators (S-C fabrics,
extensional shear bands and asymmetric clasts) in
the plane normal to the shear plane and parallel to
the mineral lineation indicate top-to-the-east shear
movement. Top-to-the-east shearing within the
Sandend Bay section is given the label SZtopE.
Locally, sheared units are folded by a tight,
upright, west-vergent fold generation (FW). An
upright, NE-trending crenulation inferred to have
formed during folding (Fupright) overprints the
tight, west-vergent fold generation. The deformation
sequence for the Sandend Bay section is as follows:

BbedDboudinFisoSZtopEFW Fupright (2)

where Bbed, deposition event responsible for sedi-
mentary layering; Dboudin, deformation responsible
for layer-parallel boudinage; Fiso, isoclinal folding;
SZtope, top-to-the-east shearing; FW, west-vergent
folding; and Fupright, folding associated with a late
upright crenulation.

Red Haven to Westerwards Croft – Section 3. Rocks
that crop out on the east side of Red Haven are dis-
tinct, lithologically, from those on the west side of
the bay. They are of significantly higher meta-
morphic grade than those to the immediate west,
and include quartzites, garnetiferous gneisses and
migmatites. At the very east of Section 3, highly
deformed, megacrystic granodiorites (members of
the Portsoy Granite) crop out as narrow, bedding-
parallel lenses of augen gneiss. The augen gneiss
layers are rich in sedimentary xenoliths and, over
short distances, exhibit varying degrees of influence
of a mafic igneous component. The augen gneiss
demarcates a transition between units of the PSZ
to the east and higher-grade units (migmatites
and gneisses) to the west. At GPS locality
[NJ57896663], a break in the lithostratigraphy is
apparent and a sudden change in lithology is obser-
vable across the augen gneiss, from migmatite in the
west, to quartzite in the east. The contact is of prob-
able tectonic origin. Events involving migmatiza-
tion and gneissification of the metasedimentary
units and intrusion of the granodiorite are assigned
the labels Dmig and Mgranite, respectively.

An early deformation parallel to, and observed to
deform, (boudinage) migmatitic layering (Dboudin)
defines tight to isoclinal, recumbent folds that, for
the most part, are axial planar to compositional
layering (Fiso) (Fig. 7b). West-vergent, open and
subrounded folds with an axial plane that dips
moderately (50–608) ESE (FW) post-date Fiso

folds and are locally associated with west-directed,
semi-brittle faults. Low-amplitude, north- to NE-
trending, upright crenulations (Fupright) overprint
all other structures. The augen gneiss that marks
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Fig. 7. Field photos from the Portsoy transect displaying (a) west-vergent FBoyndie folding of StopE at Logie Head
[GPS: NJ53176772, view to the SSW]; (b) a tight, recumbent Fiso fold of boudinaged migmatitic leucosome in the
Durnhill Quartzite [GPS: NJ57256700, view to the WSW]; (c) a tight, recumbent Fiso fold of boudinaged migmatitic
leucosome in the Cowhythe Gneiss [GPS: NJ60356688, view to the north]; and (d) an isoclinally-folded pod within the
Smelange fabric of the Cowhythe Gneiss [GPS: NJ61136652, view to the north].
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the eastern edge of the section contains evidence of
ductile shear along planes that dip at about 608 east
and post-date Fiso, but pre-date semi-brittle defor-
mation associated with FW. The augen gneiss units
preserve a down-dip lineation and S-C fabric
relationships that suggest top-to-the-west move-
ment. The shear deformation that affected the
augen gneiss units is here labelled SZtopW. Gneiss
units at the western end of the section contain
garnet porphyroblasts that have an included fabric
defined by straight trails of quartz and mica. The
orientation of the fabric is relatively uniform
across grains and occurs at an angle to the main
gneissic layering that wraps the garnets. The
included fabric appears to pre-date all other
fabrics on the section and is related to a deformation
labelled Dinc. The following structural sequence is
proposed for the section:

BbedDincDmigMgraniteDboudinFisoSZtopW FW Fupright (3)

where Bbed, deposition event responsible for sedi-
mentary layering; Dinc, deformation represented
by an included fabric in garnets; Dmig, deformation
represented by migmatic layering and gneissosity;
Mgranite, magmatism associated with emplacement
of the granite protolith to the augen gneiss;
Dboudin, deformation responsible for layer-parallel
boudinage; Fiso, isoclinal folding; SZtopW, top-to-
the-west shearing; FW, west-vergent folding; and
Fupright, folding associated with a late upright
crenulation.

Westerwards Croft to Links Bay – Section 4. The
region from the Portsoy Granite outcrop on the
coast to the east side of Links Bay is characterized
by thinned lithostratigraphy and the presence of
variably deformed mafic and ultramafic units of
the Grampian gabbros. The section as a whole is
referred to as the PSZ. Within the PSZ, tectonic
juxtaposition along a series of anastomosing shear
zones has resulted in an interleaving of narrow
units of varying character, including pelitic schists,
highly-deformed quartzites, carbonitic metasedi-
ments, mafic metavolcanic rocks, serpentinites and
variably-deformed gabbros (Fig. 8a). Strain parti-
tioning is apparent and mylonites or mica-rich,
high-strain units are commonly observed adjacent
to, or wrapping, domains that have experienced
less intense deformation. The eastern limit of the
PSZ is defined by the most easterly occurrence of
the highly deformed Grampian gabbros within
Links Bay. The magmatic event related to emplace-
ment of the gabbros is labelled Mgabbro and the
event related to formation of the volcanic units is
labelled Mvolc.

Shear zones dominate the structure of the
Portsoy section and exhibit conflicting shear sense

indicators. Shear zone geometries are uniform and
dip steeply (75–858) to the east to SE. Steep
mineral and stretching lineations define an oblique
movement direction and plunge 10–208 counter-
clockwise of the down-dip direction. Calcareous
metasediments and quartzitic units preserve iso-
clinal folds (Fiso) of a bedding-parallel fabric that
developed during an earlier deformation (Dearly).
Isoclinal fold hinges are variably reorientated by
later shear and have hinge orientations that can
range from horizontal to vertical at a single
outcrop. Significant reorientation of early isoclinal
fold hinges has resulted in the formation of specta-
cular mullion structures (Fig. 8a) that occur in the
quartzite cliff faces immediately west of the Old
Harbour. From Links Bay across the New Harbour
to the east side of the Old Harbour, outcrop consists
exclusively of variably deformed units of the
Grampian gabbros. Mylonitic and ultramylonitic
fabrics occur in the gabbros and are particularly
well developed on the rock platforms to the north
and east of the New Harbour and at the former
dump site on the ridge that separates the New and
Old Harbours. In less deformed regions, the
gabbros take the form of relatively undeformed
lenses wrapped by intensely deformed, hornblende
schists (Fig. 9a). Both top-to-the-east (Fig. 9a) and
top-to-the-west shear sense indicators, including
S-C fabrics, extensional shear bands and asym-
metric clasts or lenses (Fig. 9b), occur parallel to
the stretching lineation, in rock faces perpendicular
to the shear plane, in the gabbros. Top-to-the-west
kinematic indicators in the gabbros post-date
top-to-the-east kinematic indicators and are rest-
ricted in outcrop to regions to the west of the
Old Harbour. Top-to-the-west kinematics in the
gabbros, meta-carbonates and pelites that occur
between the Old Harbour and the Outdoor Pool
appear to post-date top-to-the-east shear observed
in the same units. However, in the calc-silicate
units that crop out on the west side of the Outdoor
Pool, top-to-the-east kinematic indicators overprint
top-to-the-west kinematic indicators. This suggests
that top-to-the-west movement in the Portsoy
section has both pre-dated and post-dated top-to-
the-east movement and that the Portsoy section
has accommodated multiple episodes of shear
movement with opposing polarity. For the purpose
of structural correlation, the early top-to-the-west,
top-to-the-east and late top-to-the-west deformation
events are labelled SZtopW1, SZtopE and SZtopW2,
respectively. Late folding of the StopE shear fabric
is preserved in pelites west of the outdoor pool.
The folds (FW) are moderately (about 408)
SE-dipping and west-vergent and are associated
with a dissolution cleavage and top-to-the-west
thrusting (SZtopW2). A NE-trending crenulation
generation (Fupright) overprints the FW folds. The
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Fig. 8. Field photos from the Portsoy transect displaying (a) serpentinite and mullioned quartzite within the Portsoy
Shear Zone [GPS: NJ58616632, view to the WNW]; (b) a refolded (FBoyndie), boudinaged (Dboudin) and isoclinally
folded (Fiso) marble layer in the Boyne Castle Limestone [GPS: NJ61556618, view to the SE]; (c) upright FBoyndie folds
in andalusite-grade semi-pelites at Banff [GPS: NJ68316457, view down to the ESE]; and (d) upright FBoyndie folds
in the biotite-grade slates at Macduff [GPS: NJ71386490, view to the SW].
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Fig. 9. Field photos from the Portsoy transect displaying (a) sheared mafic units of the Portsoy Gabbro body [GPS: NJ58526639, view to the WSW]; (b) a mylonitic
amphibolite from the Portsoy Gabbro body [GPS: NJ58786637, view to the SSW]; (c) sheared asymmetric quartz lozenges from a highly-strained unit of the Boyne Line
[GPS: NJ61556618, view NE]; and (d) isoclinally folded Sboudin refolded by FBoyndie [GPS: NJ61796598, view to the NE]. Mineral abbreviations follow the recommendations
of Kretz (1983).
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following deformation sequence describes the
structural development of the Portsoy section:

BbedMvolcDearlyFisoSZtopW1MgabbroSZtopEFW SZtopW2Fupright

(4)

where Bbed, deposition event responsible for sedi-
mentary layering; Mvolc, volcanism that formed the
protoliths to the metavolcanic units; Dearly, defor-
mation represented by the early layer-parallel
fabric; Fiso, isoclinal folding; SZtopW1, early top-to-
the-west shearing; Mgabbro, magmatism related to
emplacement of gabbros; SZtope, top-to-the-east
shearing; FW, west-vergent folding; SZtopW2, late
top-to-the-west shearing; and Fupright, folding asso-
ciated with a late upright crenulation.

Links Bay to Old Hythe – Section 5. Sillimanite-
grade, mylonitic semi-pelites and interbedded calc-
silicate units crop out on the eastern shore of Links
Bay. The highly deformed packages occur, locally,
among high-grade, less-deformed migmatites and
gneisses of the ‘Cowhythe Gneiss’. Between Links
Bay and Old Hythe, thin (c. 50 m thick) lenses of
highly deformed calc-silicates and metabasic units
disrupt the Cowhythe Gneiss. At Old Hythe, highly
deformed migmatitic and sub-migmatitic gneisses
give way, in an easterly direction, to lower-grade
marbles and calc-silicates that record a less compli-
cated deformation history. The transition occurs
across a zone of mylonite, which appears to rep-
resent an important tectonic contact (the Boyne
Line of Read 1955). Section 5 is characterized by
the presence of high-grade (migmatitic) units and
is bounded on both its western and eastern sides
by thin zones that have experienced intense shear
deformation. Development of migmatitic layering
is assigned Dmig timing and the mafic magmatism
that gave rise to the basic metavolcanic units is
described as Mvolc.

The Links Bay to Old Hythe section is domi-
nated by pelites and semi-pelites, which at some
stage achieved migmatitic grade. The migmatites
of Cowhythe Head contain discrete leucosome and
melanosome layers. The migmatitic units occur in
association with an enigmatic, fine-grained rock
type whose origins appear to lie in milling of the
gneissic and migmatitic protoliths. The fine-grained
rock type is formed of a biotite-rich matrix that hosts
lenticular, relatively isotropic ‘low strain’ bodies
(Fig. 7d) and is best described as a melange unit.
A pre-Grampian shear deformation (SZmelange) is
held responsible for milling of the proto-gneissic
and migmatitic units to produce the melange unit.
Layer parallel boudinage (related to Dboudin) is
observed in the relatively brittle leucosomes of the
migmatitic units and, in places, defines tight to iso-
clinal recumbent folds (Frec) whose axial planes are
sub-parallel to the migmatitic layering (Fig. 7c).

Isoclines can also be observed in the melange
units, and are defined by folding of elongate pods
within the sheared matrix (Fig. 7d). On the east
side of the section, mylonites in pelites and semi-
pelites form the Boyne Line. The geometry of S-C
fabrics and the asymmetry of quartz clasts
(Fig. 9c) within units of the Boyne Line display an
unequivocal top-to-the-east movement sense and
the deformation is labelled (SZtopE). Variably reor-
ientated isoclinal fold hooks appear within the
shear zone, suggesting that movement along the
Boyne Line post-dates the early recumbent folding
(Frec). Across Section 5, early, gently-dipping
fabrics are refolded by a west-vergent, upright,
NNE-trending fold generation (FW). On the west
side of the section, the west-vergent, upright fold
generation locally develops an axial planar dissol-
ution cleavage in semi-pelites and is associated
with intense, steeply-WNW-dipping (75–858)
shear zones and have a down-dip stretching linea-
tion defined by the alignment of mica. Fabric and
clast asymmetry in the plane perpendicular to the
shear plane and parallel to the stretching lineation
are consistent with top-to-the-west kinematics on
late, FW-related zones of movement (SZtopW).
Top-to-the-west shear is most intense at the
western limit of the section, on the eastern edge of
Links Bay (the location of the Portsay Thrust of
Elles 1931). The shear fabrics of the Portsay
Thrust are mylonitic in character and appear to
have accommodated westward movement of the
Cowhythe Gneiss relative to the units of the PSZ.
An upright, NE-trending crenulation (Fupright) over-
prints all fabrics and represents the last deformation
manifested in the structure of the units between
Links Bay and Old Hythe. The deformation
sequence for Section 5 can be written as follows:

BbedDmigSZmelangeMvolcDboudinFrecSZtopEFW SZtopW Fupright

(5)

where Bbed, deposition event responsible for sedi-
mentary layering; Dmig, deformation represented
by migmatic layering; SZmelange, shearing that
formed the melange units; Mvolc, volcanism that
formed the protoliths to the metavolcanic units;
Dboudin, deformation responsible for layer-parallel
boudinage; Frec, recumbent folding; SZtope, top-to-
the-east shearing; FW, west-vergent folding;
SZtopW, top-to-the-west shearing; and Fupright,
folding associated with a late upright crenulation.

Old Hythe to Whitehills Harbour – Section 6. The
Boyne Line at Old Hythe separates the migmatites
and interleaved calc-silicates and limestones of the
Cowhythe Gneiss from the Boyne Castle Lime-
stone, which crops out in the bay area at Old
Hythe. The Boyne Castle Limestone continues
toward the east, despite breaks in its continuity
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represented by thin, complexly deformed inter-
bedded calc-silicate and semi-pelite units. East of
Boyne Bay, the limestone increases in clastic
material content and passes into a calc-silicate
dominated sequence. An eastward transition from
carbonate-dominated interbedded calc-silicates
and semi-pelites to psammite-dominated lithologies
corresponds with the appearance of gabbroic lenses
(of Mgabbro age) and intense bleaching of country
rock immediately east of Whyntie Head. Massive
psammite with thin, interbedded and variously
carbonitic semi-pelitic and pelitic layers continue
to the east, toward the harbour region at Whitehills.
Boudinaged, hornblende-rich metavolcanic units
occur parallel to bedding in the region immediately
east of Bear’s Head and were emplaced during
Mvolc. With decreasing carbonate content in
an easterly direction, andalusite becomes more
prevalent. Units immediately west of Whitehills
Harbour are dominated by highly-strained
psammites that host gabbroic lenses of probable
Mgabbro age, and contain abundant quartz veins
interpreted to represented localized fluid fluxing
during Mgabbro.

The deformation history of the Old Hythe to
Whitehills Harbour section is appreciably simpler
than that of Section 5 to the west. The outcrop
pattern is controlled by tight to close, upright
folding related to a fold generation that displays a
consistent westerly vergence (FW) (Fig. 9d). The
fold generation can be traced eastward through
the entire section from Old Hythe. In the ductile
Boyne Castle Limestone Member (Fig. 8b) and
transitional limestones to the east (Fig. 9d), layer-
parallel boudinage (Dboudin), isoclinal folds (Fiso)
and bedding define a west-vergent, open to close
FW fold generation. Eastward, the limestones
increase in clastic material content and the sub-
angular FW folds of the limestone-rich units
(Fig. 9d) become more sub-rounded. In the compe-
tent psammites of the region surrounding Bear’s
head, FW folding forms broad, gentle closures.
East of Stake Ness, the west-vergent folding is
associated with a prominent dissolution cleavage
in calcareous semi-pelites and commonly occurs
in conjunction with small-scale, top-to-the-west
thrusting (SZtopW) along localized shear zones.
Strong refraction of the cleavage occurs through
the interbedded psammites and semi-pelites and
the axial planar cleavage decreases in dip into semi-
pelitic lithologies. In the Whitehills Harbour region,
FW occurs as sub-rounded, close to open closures in
psammitic and semi-pelitic units.

At Stake Ness, bedding within a broad rock plat-
form defines a large-scale, tight, antiformal closure
whose axial plane dips at 308 to the west and is
sub-parallel to compositional layering. The fold
developed prior to the west-vergent folding (FW),
probably during the Fiso event.

The intertidal region immediately west of the
harbour at Whitehills [GPS: NJ65376547] exposes
gabbros of the Mgabbro event, quartz veins, small
pockets of K-feldspar-bearing melts, an intense
shear fabric with a white mica- and biotite-defined
mineral lineation and top-to-the-east kinematic indi-
cators. The fabric developed during top-to-the-east
shear deformation (SZtopE) prior to FW. A late,
upright NE-trending crenulation (Fupright) can be
observed in pelitic units in the Whitehills region.
The deformation sequence for the area can be
written as follows:

BbedMvolcDboudinFisoMgabbroSZtopEFW SZtopW Fupright

(6)

where Bbed, deposition event responsible for sedi-
mentary layering; Mvolc, volcanism that formed the
protoliths to the metavolcanic units; Dboudin, defor-
mation responsible for layer-parallel boudinage;
Fiso, isoclinal folding; Mgabbro, magmatism related
to emplacement of gabbros; SZtope, top-to-the-east
shearing; FW, west-vergent folding; SZtopW, top-to-
the-west shearing; and Fupright, folding associated
with a late upright crenulation.

Whitehills Harbour to Banff and MacDuff – Section
7. Significant differences in character occur in the
metasediments either side of Whitehills Harbour.
East of the harbour, in the region of Knock Head,
staurolite and andalusite-bearing metaturbidites
occur in outcrop. Eastward, a grain size increase
can be observed, with the turbidites becoming
interbedded semi-pelitic and psammitic units. East
of Boyndie Bay, psammites with interbedded,
quartz-rich grit horizons give way to grey semi-
pelites that are rich in cordierite. The units to the
east of Boyndie Bay are of significantly lower meta-
morphic grade than the staurolite-bearing units that
occur in the Knock Head region. At Macduff to the
east, units are again lower in metamorphic grade,
cropping out as biotite-grade slates. Overall, a
rapid decrease in metamorphic grade occurs east-
wards from the west side of Boyndie Bay, with
staurolite disappearing from the metamorphic
assemblage over less than a kilometre. Less than
another kilometre to the west, andalusite becomes
absent and within another kilometre, across Banff
Bay, cordierite disappears entirely.

The structure of the units to the west of Boyndie
Bay is simple for the Portsoy transect. An early
lithological layer-parallel deformation (Dboudin)
has caused boudinage and disruption of bedding.
The nature of Dboudin suggests that deformation
occurred along the bedding plane of a partially con-
solidated sedimentary sequence. In the upper parts
of the Buchan Block stratigraphy, the initial defor-
mation occurred soon after sediment deposition.
Bedding and the layer-parallel fabric are folded
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about close to open, sub-angular folds (Fig. 8c, d)
with poles to bedding and Sboudin defining a great
circle that denotes a regional upright fold generation
whose hinges plunge at 12! 032 (Fig. 6, Section 7).
Vergence on the fold generation at Knock Head
and to the west of Boyndie Bay is generally to the
NW, in contrast to a SE vergence for the folds
around Banff and Macduff. Vergence changes
associated with the fold generation indicate the pres-
ence of a major synclinal closure in the proximity of
Scotstown, near Banff [GPS: NJ67646489]. This
structure represents the Boyndie Syncline of
Sutton & Watson (1956), and the fold generation
is accordingly labelled FBoyndie. At Knock Head,
west of Boyndie Bay and on the Banff foreshore,
grading in turbidites and fold vergence on FBoyndie

together indicate an upward facing on the FBoyndie

axial plane. A late, upright NE-trending crenulation
(Fupright) can be observed in pelitic units in the
Whitehills region. The deformation sequence for
the Banff and MacDuff section is:

BbedDboudinFBoyndieFupright (7)

where Bbed, deposition event responsible for sedi-
mentary layering; Dboudin, deformation responsible
for layer-parallel boudinage; FBoyndie, upright
folding and formation of the Boyndie Syncline;
and Fupright, folding associated with a late upright
crenulation.

Structural summary

Interpretation of the structure of the Aberdeenshire
coast between Logie Head and Macduff requires
correlation of structural episodes across the differ-
ent structural domains. To begin with, a late
upright crenulation is observed as the last defor-
mation in all sections and is correlated with regional
Fupright folding. Fupright was preceded by west-
vergent, upright to slightly inclined folds (FW of
Sections 1–6), which are correlated with the
FBoyndie fold generation of Section 7. This gener-
ation displays a broad vergence change across the
Boyndie Syncline (from westerly on the west side
to easterly on the east side). The regional folding
is given the label FBoyndie, after the large-scale syn-
cline with which it is associated.

Gabbros in Sections 4 and 6 each display a similar
timing during the Grampian orogenic episode and
are correlated with the Grampian gabbros of the
Grampian Terrane, labelled MGrampian. Top-to-
the-east shearing was observed in Sections 2, 4, 5
and 6, and in association with MGrampian on Sections
4 and 6. The structures associated with SZtopE on
each of these sections and Dla on Section 1 are corre-
lated with a regional top-to-the-east shear episode
(SZtopE). Layer-parallel, soft-sediment deformation

in Section 7 is correlated with the layer-parallel,
top-to-the-east shear deformation (SZtopE) observed
for Sections 2, 4, 5 and 6. The correlation between
layer-parallel deformation (Dboudin) on Section 7
and SZtopE elsewhere is made because there is no
evidence to suggest that Section 7 escaped defor-
mation associated with a number of deformation
episodes that post-date SZtopE.

Pre-SZtopE, top-to-the-west shear manifested in
the Portsoy Granite on Section 3 and in units of
the Portsoy Shear Zone (Section 4) is assigned a
regional SZtopW1 timing. Top-to-the-west shear that
post-dates SZtopE on Sections 4–6 is assigned a
regional SZtopW2 timing. Early, lithological-layering
parallel boudinage (Dboudin) is correlated across
Sections 1–3, 5 and 6 and with the folded Dearly

of Section 4 to produce the regional Dboudin defor-
mation. Tight to isoclinal folds (Fiso of Sections
2–4 and 6 and Frec of Section 5) defined by litho-
logical layering and the early Sboudin fabric are cor-
related with an early-Grampian regional folding
event labelled Fiso. An Fgentle structural timing is
assigned to the localized gently-dipping crenulation
observed between FW and Fupright on Section 1.

Magmatism that pre-dates the regional Dboudin

event, including Mact on Section 1, Mgranite on
Section 3 and Mvolc on Sections 4 to 6, is correlated
with the Dalradian magmatism of the Grampian
Terrane (MDalradian). Units formed during Dalradian
magmatic activity at c. 600 Ma were emplaced (or
deposited) prior to all activity associated with the
Grampian orogenic episode and have proven
useful time markers. Events that can be demon-
strated to pre-date magmatism associated with
MDalradian can be reasonably classified as
pre-Grampian. Sections 3 and 5 bear deformation
that pre-dates MDalradian and thus the Grampian oro-
genesis. Migmatitic layering and a gneissosity
(Dmig) appear to have developed in these units
prior to MDalradian magmatism and are correlated
with a regional migmatization event (Dmig).
Pre-Grampian deformation that pre-dates (Dinc)
and post-dates (SZmelange) the Dmig deformation,
can be observed for Sections 3 and 5, respectively.

Following structural correlation, it became
apparent that Bbed for each of the mapped sections
does not represent the same event. On Sections 3
and 5, Bbed pre-dates deformation events that them-
selves pre-date deposition of the metasediments of
Sections 1, 2, 4 and 6 and associated volcanism
of MDalradian age (c. 600 Ma). According to the
results of regional mapping, deposition of the meta-
sediments of Section 7 occurred during the Gram-
pian orogenic episode, while the effects of SZtopE

were being recorded in deeper parts of the
Dalradian lithostratigraphy.

Overall, the Grampian orogenic episode, as it is
documented in the rocks of the Portsoy transect,
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involved eight regional deformations in addition to
one episode of magmatism and one episode of sedi-
mentation. Regions that were migmatized and made
gneissose prior to the Grampian orogenesis have
revealed at least three pre-Grampian deformation
events. Deposition of the Argyll Group and the
lower parts of the Southern Highland Group
occurred between the pre-Grampian and Grampian
age deformations, in association with emplacement
of magmatic units of the Dalradian metabasites and
granites (MDalradian). Table 1 summarizes the corre-
lations in a regional deformation sequence diagram.
The tectonic sequence proposed, including the
timing of sediment deposition and magmatism in
relation to deformation, holds a number of impli-
cations for the tectonic history of the region. The
key points raised from mapping and production of
the regional sequence diagram are:

(a) migmatite-grade units surrounding Portsoy
preserve a structural history that appears to
pre-date deposition of the Dalradian and all
deformation events associated with the Gram-
pian orogenic episode;

(b) structures that preserve evidence of shear
deformation within the PSZ record changes
in the polarity of shear movement – from
top-to-the-west (SZtopW1) to top-to-the-east
(SZtopE) to top-to-the-west (SZtopW2) – during
the Grampian orogenic episode;

(c) intrusion of the Grampian gabbros into shear
zones of the Portsoy transect occurred during
the top-to-the-east shearing (SZtopE);

(d) sediment deposition of the highest levels of
the Dalradian stratigraphy (Whitehills and
Boyndie Bay Groups and Macduff Slates)
occurred during the SZtopE deformation,
during the Grampian orogenic episode, and

(e) the Boyndie Syncline and related folds preserve
a similar late timing to that suggested by
Johnson (1962) and Fettes (1970), rather than
having formed as early structures (cf. Sutton &
Watson 1956; Treagus & Roberts 1981).

Metamorphism of the Portsoy transect

Across the Portsoy transect, changes in the meta-
morphic mineral assemblage preserved in pelitic
units reflect changes in the temperature and pressure
conditions that attended their metamorphism.
Across-metamorphic-grade changes in the meta-
morphic assemblages and associated microstruc-
tures can provide information on the nature of
the metamorphic heating that produced the Buchan-
type units in relation to structural development and
any evolution in metamorphic conditions during
tectonic development. T
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Generalized mineral reactions 8–12 describe
transitions in metamorphic mineral assemblage
observed in the direction of increasing metamorphic
pressure from the Buchan-type units through the
PSZ and into the Barrovian-type units. Naturally,
due to their dependence on bulk chemistry in
addition to the conditions that prevailed during
metamorphism, metamorphic assemblages that
occur in the field do not always reflect the character-
istic assemblages given below. Mineral abbrevi-
ations follow the recommendations of Kretz (1983).

Bt þ ChlþMsþ Plþ Qtz! Crd þ Bt

þMsþ Plþ Qtz (8)

Crd þ Bt þMsþ Plþ Qtz! And þ Crd

þ Bt þMsþ Plþ Qtz (9)

And þ Crd þ Bt þMsþ Plþ Qtz! And

þ St þ Bt þMsþ Plþ Qtz (10)

And þ St þ Bt þMsþ Plþ Qtz! Sil

þ St þ Grt þ Bt þMsþ Plþ Qtz (11)

Silþ St þ Grt þ Bt þMsþ Plþ Qtz! Ky

þ Grt þ Bt þMsþ Plþ Qtz (12)

Results of the metamorphic study

Systematic changes in the timing of metamorphic
mineral growth with varying metamorphic grade
are recognized within the Buchan Block and
across the PSZ. For this reason, the description of
textures diagnostic of the structural timing of meta-
morphism is carried out separately for the different
mineral zones. Figure 2a details the distribution of
the different mineral zones.

Biotite zone. The biotite zone at Macduff has por-
phyroblasts that are partially aligned within the
axial plane of FBoyndie folds and overgrow an
earlier fabric (StopE). Blastesis within the biotite
zone of the Buchan Block appears to have occurred
synchronous with development of upright folds
belonging to the FBoyndie fold generation.

Cordierite zone. In thin section, cordierite porphyr-
oblasts are inclusion rich and contain straight
inclusion trails that define a weak fabric that post-
dates a layer-parallel fabric (Fig. 10a). The included
fabric is continuous through the grain boundary into
the matrix, appears most intense nearest to cordier-
ite porphyroblasts and deflects slightly around cor-
dierite grains (Fig. 10a). The early and late fabrics
are both defined by white mica and biotite, sug-
gesting that these minerals grew during these defor-
mations. Correlation of fabrics in thin section with
those observed in the field suggests that the early,
layer-parallel fabric is the StopE fabric and the later

fabric preserved within cordierite inclusion trails
is the SBoyndie fabric. Biotite and white mica growth
within the cordierite zone appears to have occur-
red syn-SZtopE to syn-FBoyndie, whereas cordierite
growth timing within the cordierite zone can be
restricted to syn-FBoyndie.

Andalusite zone. Within the andalusite zone, white
mica and biotite define a fabric that is sub-parallel
to compositional layering and is axial planar to
a later, upright crenulation. Correlation between
fabrics observed in thin section and in the field
suggests that the early layer-parallel fabric is StopE

whereas the later crenulation cleavage is related to
FBoyndie. Cordierite porphyroblasts have an included
fabric that is defined by aligned white mica, biotite
and quartz. This fabric displays a slight curvature
in cordierite rims towards the external SBoyndie fabric.

Partial alignment of large andalusite porphyro-
blasts defines a down-dip mineral lineation on the
StopE plane. The andalusite mineral lineation can
be traced around FBoyndie fold hinges, suggesting
dominantly pre-FBoyndie growth timing. Inclusion
trails within andalusite porphyroblasts occur in the
orientation of the StopE fabric, although, commonly,
the internal fabric is deflected toward the external
(SBoyndie) fabric orientation at the outer edges of
the crystal (Fig. 10b). Geometric relationships
between fabrics included within porphyroblasts
and external fabrics suggest the andalusite growth
occurred during SZtopE but overlapped with the
initial stages of FBoyndie. Andalusite porphyroblasts
are strongly aligned within the axial plane of
FBoyndie folds (Fig. 10d) but, in regions of lower
FBoyndie strain, are less systematically aligned
(Fig. 10e). Growth of white mica and biotite
within the andalusite zone occurred during SZtopE

and into FBoyndie times. Andalusite and cordierite
within the andalusite zone is assigned a late
syn-SZtopE to early syn-FBoyndie structural timing.

In terms of growth timing, andalusite within
the andalusite zone of the Buchan Block is distinct
from the andalusite that occurs in other areas of
the Grampian Terrane, particularly in areas where
kyanite has replaced earlier andalusite (Chinner &
Heseltine 1979; Chinner 1980; Baker 1985;
Beddoe-Stephens 1990).

Staurolite zone. Within the staurolite zone, stauro-
lite and andalusite porphyroblasts have an included
fabric, which is generally straight and at an angle to
the external fabric, but displays slight curvature
toward grain edges (Fig. 10c). Included fabrics in
cordierite porphyroblasts are of the same generation
and display similar geometric relationships to those
included in staurolite and andalusite grains, sug-
gesting a similar timing of growth for cordierite,
andalusite and staurolite within the staurolite zone.
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Fig. 10. Photomicrographs from the Portsoy transect displaying growth timing relationships for (a) a cordierite-grade
semi-pelite from Banff [GPS: NJ68186455]; (b) an andalusite-grade semi-pelite from the west side of Boyndie Bay
[GPS: NJ66626491]; (c) a staurolite-andalusite semi-pelite from the west side of Boyndie Bay [GPS: NJ66626491];
and field photos of (d) andalusite orientated in SBoyndie [GPS: NJ66586493, view down to the south]; and (e) more
haphazardly orientated andalusite [GPS: NJ66276522, view down to the ESE]. Mineral abbreviations follow the
recommendations of Kretz (1983).
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White mica and biotite occur in both the early,
included fabric and the later, high-angle fabric.
Correlation between fabrics in the field and those
in thin section suggests that the straight internal
fabric developed during SZtopE deformation and
that the external fabric, that wraps porphyroblasts,
developed in association with the FBoyndie folding.
StopE inclusion trails curve toward an SBoyndie orien-
tation at grain edges. Relationships between fabrics
and minerals in thin section suggest a syn-SZtopE to
early syn-FBoyndie timing for cordierite, andalusite
and staurolite growth in the staurolite zone.

Sillimanite zone. Two discrete episodes of sillima-
nite growth are preserved in rocks of the Portsoy
transect, which, together, form the sillimanite zone
of the Buchan Block (Fig. 2a). Sillimanite that
grew during a first episode is restricted to units of
the Cowhythe Gneiss where it occurs in association
with biotite (Johnson 1962) that grew during
the early migmatization. The migmatites pre-date
the intense Smelange deformation that affected the
entire Cowhythe Gneiss. U–Pb SHRIMP dating of
zircon that grew during migmatization of the Cow-
hythe gneiss yielded an age of 1012 + 10 Ma
(G. J. H. Oliver unpublished data), indicating a
pre-Grampian (Grenvillean) age for sillimanite
growth within the Cowhythe Gneiss.

Sillimanite also occurs in association with gab-
broic intrusions in the PSZ. The frequently-reported
Portsoy Chiastolite Schist best illustrates the timing
of mineral growth within the PSZ. The rock contains
andalusite, kyanite and sillimanite in addition to
biotite, garnet and staurolite. Chiastolite (andalu-
site) accumulations pre-date the main shear fabric
but have been mostly replaced by kyanite
(Fig. 11a). Kyanite grains are wrapped by a promi-
nent top-to-the-east shear fabric and are dissected
by associated shear bands (Fig. 11a). Inclusions
within staurolite define shear bands of the reverse
polarity (top-to-the-west) to those preserved within
the sheared matrix (Fig. 11b) and staurolite is con-
sidered to enclose a fabric formed during a shear
episode that preceded the main shearing and
which accommodated movement that was opposite
in polarity. Fibrolite occurs within pull-apart
domains associated with boudinage of staurolite
grains during the main shear deformation. Garnet
grains are deformed by shear bands associated
with the main shear episode. Microstructural evi-
dence suggests that kyanite, staurolite and garnet
growth occurred prior to and/or during the defor-
mation episode that resulted in formation of the
main fabric, and that sillimanite growth occurred
only during the main shear deformation. Correlation
with results from field mapping suggests that the
dominant shear fabric within the Portsoy Chiastolite
Schist is the SZtopE fabric. Earlier shear bands are

correlated with the SZtopW1 shear episode of the
regional deformation sequence.

Pelites in the PSZ commonly display an intense
crenulation cleavage, which is correlated with the
FBoyndie folding event. Staurolite and garnet from
these pelites contain straight to slightly crenulated
inclusion trails of white mica and quartz that are
continuous with the locally dominant StopE schistos-
ity (Fig. 11c). In some samples, rotated inclusion
trails are continuous with the externally dominant,
top-to-the-east StopE shear fabric (Fig. 11d). Stauro-
lite and garnet from within the crenulated pelites of
the PSZ appear to have grown prior to, and during
the early stages of FBoyndie folding. Initiation of
garnet growth may pre-date that of staurolite, with
rotated inclusion trails (Fig. 11d) providing evi-
dence of garnet growth during the top-to-the-east
SZtopE shearing.

Mylonitic units from the Portsoy Thrust zone on
the east side of Links Bay contain sillimanite as
elongate fibrolite felts within the dominant shear
fabric. The main shear fabric wraps fibrolitic
masses (Fig. 12a), suggesting that sillimanite
growth occurred prior to, or in the early stages of
development of the fabric. Recrystallization of
white mica, biotite, plagioclase and quartz outlasted
deformation associated with formation of the main
fabric, as illustrated by the presence of large, recrys-
tallized mica grains within the fabric and their
association with recrystallized plagioclase and
foam textures in quartz (Fig. 12a). The mylonitic
fabric on the east side of Links Bay has been
assigned a SZtopW2 structural timing. Accordingly,
sillimanite growth occurred in these rocks prior to,
or during the SZtopW2 thrusting. White mica and
biotite growth outlasted deformation associated
with SZtopW2 thrusting.

Based on cross-cutting relationships observed in
thin section and correlation of microstructures with
structural mapping, it appears that kyanite within
the sillimanite-grade units of the PSZ probably
grew pre- to syn-SZtopE, whereas garnet, staurolite
and sillimanite probably grew syn-SZtopE and over-
lapped with the initial stages of FBoyndie folding, and
possibly with SZtopW2 shearing. White mica and
biotite is likely to have grown throughout the
SZtopE and FBoyndie (and SZtopW2) deformations.
The most that can be inferred concerning the
timing of andalusite growth in units from within
the PSZ is that it pre-dates development of the per-
vasive StopE shear fabric and thus occurred prior to
the SZtopE shear episode.

Kyanite zone. Within the kyanite zone (sensu
Hudson 1980) of the Portsoy transect, rocks that
contain kyanite as the highest-grade mineral are
rare. Kyanite was not found among the thin sections
produced from sampling. However, the timing of
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Fig. 11. Photomicrographs from the Portsoy transect displaying mineral growth/structural timing relationships for
(a–b) the Portsoy Chiastolite Schist [GPS: NJ58436638]; and (c–d) a folded garnet-staurolite schist from the Portsoy
Shear Zone [GPS: NJ58186650]. Mineral abbreviations follow the recommendations of Kretz (1983).
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Fig. 12. Photomicrographs from the Portsoy transect displaying mineral growth/structural timing relationships for (a) a
sillimanite-grade schist from the Portsoy Thrust [GPS: NJ59476614]; (b–c) a garnet schist from Logie Head [GPS:
NJ53096772]; and (d) amphibolitized gabbro from the Portsoy Gabbro body [GPS: NJ58786637]. Mineral
abbreviations follow the recommendations of Kretz (1983).
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kyanite growth can be inferred from observations
made in the Portsoy Chiastolite Schist, which had
reached kyanite-grade conditions prior to later
sillimanite growth.

A shear fabric with top-to-the-east kinematic
indicators wraps garnets from the kyanite zone at
Logie Head (Fig. 12b). Garnet grains contain what
appear to be isoclinal folds at a high angle to the
external shear fabric, defined by included fabrics
that are truncated by the external fabric (Fig. 12c)
but may also represent spiralled inclusions cut at
an oblique angle. The high-angle, truncated internal
fabric defines the apparent isoclinal folds within the
garnet (Fig. 12c), suggesting growth timing synchro-
nous with development of the inclusion trail geo-
metries. The external shear fabric is correlated with
the SZtopE shearing. The isoclines in the garnet are
considered to have developed either during the
Fiso deformation, or during SZtopE porphyroblast
rotation. Microstructurally, garnet growth appears
to have occurred during Fiso folding (or during
SZtopE if spiralled inclusion trails form the included
folds), whereas kyanite growth probably occurred
prior to and during SZtopE shearing.

Amphibolitization of gabbros. Shear deformation in
gabbros of the sillimanite-grade PSZ is defined by
plagioclase and hornblende banding and includes
asymmetric lozenges consistent with a top-to-the-
east shear (Fig. 12d). Small grain sizes in both
hornblende and plagioclase (Fig. 12d) are consistent
with (re)crystallization of these minerals in a dyna-
mic environment undergoing active deformation.
Crystallization textures suggest that growth of
hornblende and plagioclase was contemporaneous
with formation of mylonitic fabrics. The top-to-
the-east shear fabric preserved within the gabbros
appears to represent SZtopE deformation in these
units. Amphibolitization of the gabbros most prob-
ably occurred during the SZtopE shearing episode.

Summary of metamorphic microstructures

West of the PSZ on the Portsoy coastal section,
garnet growth appears to have occurred during Fiso

and into SZtopE and to have partially overlapped
with SZtopE in the kyanite zone. In these rocks
kyanite grew prior to and during SZtopE. However,
if included folds in garnet represent spiralled
inclusion trails formed by porphyroblast rotation
during the SZtopE shear, then garnet within the
kyanite zone grew exclusively during SZtopE.
Sillimanite-grade units from the PSZ experienced
syn- and possibly pre-SZtopE kyanite growth and
growth of garnet, staurolite and sillimanite during
SZtopE deformation and into the initial stages of
FBoyndie and SZtopW2. To the east of the PSZ, in
staurolite- and andalusite-grade units of the

Buchan Block, growth of staurolite, andalusite and
cordierite occurred from syn-SZtopE to early syn-
FBoyndie times. Cordierite from the cordierite zone
appears to overprint the StopE fabric and probably
grew entirely during FBoyndie folding. White mica
and biotite across the transect indicate a growth
timing from pre-SZtopE through to post-FBoyndie,
though biotite growth in the biotite zone appears
to have occurred exclusively during FBoyndie.
Growth timings are recorded for each mineral
within its respective mineral zone as follows:

(a) pre- to syn-SZtopE for kyanite;
(b) syn-SZtopE to early syn-FBoyndie for sillimanite;
(c) syn-SZtopE to early syn-FBoyndie for staurolite

and andalusite, and
(d) syn-FBoyndie for cordierite and biotite.

Indicator mineral growth occurred structurally
later in the direction of increasing metamorphic
grade (eastward) within the Barrovian-type units
to the west of Portsoy. Conversely, indicator
mineral growth appears to have occurred structu-
rally later in the direction of decreasing meta-
morphic grade (eastward) within the Barrovian-
type units to the east of Portsoy. Interpretation of
the microstructural timing of metamorphic growth
in the Portsoy area have been combined with the
tectonic sequence diagram (Table 1) to construct a
crystallization sequence diagram that shows the
structural timing of mineral growth associated
with the Grampian-age Barrovian-type metamorph-
ism and the Buchan metamorphism (Fig. 13).

In addition to Grampian-age growth, minerals
that appear to pre-date Grampian tectonism occur
on the Portsoy transect. Sillimanite within the Cow-
hythe Gneiss appears to be Grenvillian in age and
there is no evidence to suggest that andalusite of
the Portsoy Chiastolite Schist grew during Gram-
pian times.

Magma geochemistry

Whole-rock major and trace element geochemistry
was carried out on five metabasite, one felsic and
seven gabbro samples collected from Portsoy and
the surrounding region (Fig. 2b). On the basis of
field relationships, the sample set can be split into
two groups: the Dalradian metabasites (and
Portsoy Granite) and the Grampian gabbros. The
Dalradian metabasites and Portsoy Granite appear
to have been deposited/emplaced during the
MDalradian magmatism, prior to the prominent
regional metamorphism that affected the region.
The Grampian gabbros, consisting of variably
altered mafic intrusive units emplaced and crystal-
lized during the regional metamorphism and
SZtopE deformation, are products of the MGrampian

magmatic event.
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Results

The results of major element and trace element ana-
lyses carried out on the Portsoy samples are sum-
marized in Table 2. Whole-rock geochemistry is
discussed in two segments; in terms of major
element systematics and trace element systematics.
Implications of the whole-rock geochemistry for
the petrogenesis of the magmatic suites are pre-
sented as part of the discussion section.

Major element systematics. With respect to the
igneous rock classification system of Cox et al.
(1979) samples of the Dalradian metabasites plot
within the basaltic andesite and andesite fields.
Sample GOPO 45, obtained from the Portsoy
Granite, is alkaline granite in composition. Accord-
ing to grain size, alkali abundance and silica abun-
dance, the Grampian samples are all gabbros or
are intermediary in composition between gabbro
and diorite.

Co-variation diagrams of major element com-
positions v. SiO2 demonstrate differences in the
range of major element compositions displayed by
the Dalradian metabasites and the Grampian
gabbros. The Dalradian metabasites display a
greater range in SiO2, Al2O3 and MgO than the
Grampian gabbros (Fig. 14a–d). Notwithstanding
some scatter in the co-variation diagrams, trends
defined by the Dalradian metabasites display an
inflection in Al2O3, FeO, MgO and TiO2 when
plotted against SiO2 (Fig. 14a–d). In contrast, the
Grampian gabbros show linear compositional
trends in Al2O3, FeO, MgO and TiO2 with SiO2

(Fig. 14a–d). Co-variation diagrams that map
Na2O, K2O and SiO2 display less well defined
trends (Fig. 14e–h).

In K2O v. SiO2 space, samples belonging to the
Dalradian metabasites display alkaline compo-
sitions whereas those of the Grampian gabbros

display sub-alkaline compositions (Fig. 14e). The
opposite is the case for Na2O v. SiO2 space, which
defines the Dalradian metabasites and Grampian
gabbros as sub-alkaline and alkaline in composition,
respectively (Fig. 14f). According to Middlemost’s
(1975) alkalinity classification system, the two
populations of igneous units that crop out in the
Portsoy region can each be described as transitional
between alkaline and sub-alkaline in composition.
In terms of total alkalis, compositions from both
sample sets plot near to the alkaline/sub-alkaline
transition in the basalt classification system devel-
oped by Miyashiro (1978) (Fig. 14g), though more
alkaline compositions are displayed by units
belonging to the Grampian gabbros. In K2O
v. Na2O space, Dalradian metabasites display potas-
sic compositions, whereas the Grampian gabbros
display sodic compositions (Fig. 14h). The Dalra-
dian metabasites belong to the high potassium,
‘Potash series’ of Middlemost (1975), whereas the
same classification system defines the Grampian
gabbros of Portsoy as members of the ‘Sodic
series’ (Fig. 14h).

Trace element systematics. Trace element compo-
sitions for the Dalradian metabasites and Grampian
gabbros are expressed with respect to the average
Normal Mid Ocean Ridge Basalt (N-MORB) com-
position (Sun & McDonough 1989) in the form of
a Rare Earth Element (REE) plot (Fig. 15a) and an
extended trace element plot (Fig. 15b). Each of the
plots of Figure 16 displays, from left to right, abun-
dance ratios (against N-MORB) for trace elements
that are decreasingly compatible in mantle melts.

On the N-MORB normalized REE plot of
Figure 15a, all samples show a slope across the
Heavy Rare Earth Elements (HREEs) (Gd/Yb .
1) and are enriched in the Light Rare Earth
Elements (LREEs) with respect to the HREEs.
Samples of the Dalradian metabasites display a

Fig. 13. Crystallization sequence diagram displaying structural timing of metamorphic mineral growth across the
Portsoy transect (dashed lines). Timing of indicator mineral growth within their respective mineral zones is shown by
continuous lines.
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Table 2. Major- and trace-element data from igneous units surrounding Portsoy

Dalradian metabasites and granites Grampian gabbros

Sample GOPO 33 GOPO 38 GOPO 41 GOPO 42 GOPO 43 GOPO 45 GOPO 26 GOPO 27 GOPO 28 GOPO 30 GOPO 35 GOPO 39 GOPO 40
GPS [NJ59196645] [NJ58226645] [NJ55506700] [NJ55506700] [NJ58976642] [NJ57506520] [NJ59116647] [NJ58766635] [NJ58766635] [NJ58886639] [NJ58526640] [NJ62906600] [NJ63006590]

Major elements (wt%)

SiO2 54.52 57.10 52.09 52.49 61.42 71.87 52.56 47.87 50.53 56.18 52.71 47.59 47.93
TiO2 0.91 0.88 0.52 0.42 1.27 0.43 1.04 1.66 1.48 1.42 2.14 2.26 2.30
Al2O3 15.49 20.33 9.76 9.11 16.33 14.30 17.28 15.94 15.95 14.72 15.91 14.91 15.27
Fe2O3

T 7.44 8.01 3.84 3.65 7.62 1.65 8.43 11.01 10.23 7.43 10.53 12.55 12.54
MnO 0.15 0.06 0.07 0.07 0.09 0.02 0.13 0.16 0.16 0.13 0.12 0.15 0.16
MgO 6.99 3.75 17.60 16.96 2.23 0.83 5.16 6.73 6.18 5.55 5.21 7.04 6.19
CaO 7.91 0.32 8.40 8.42 3.06 1.40 7.80 9.13 8.33 5.43 6.89 9.82 10.83
Na2O 2.66 0.49 0.62 0.67 2.78 3.50 5.11 3.50 3.86 3.30 4.57 2.92 2.75
K2O 1.28 3.15 2.27 2.31 3.20 4.74 0.94 0.74 1.17 1.99 0.19 0.25 0.31
P2O5 0.19 0.20 0.22 0.19 0.37 0.17 0.17 0.28 0.24 0.30 0.44 0.35 0.34
Cs 1.52 3.90 3.93 4.68 3.12 2.26 0.31 0.59 0.45 1.64 0.16 0.33 0.51
Rb 33.27 101.7 80.68 87.00 98.01 133.5 12.46 13.03 18.18 41.27 1.85 4.36 4.16
Ba 208.3 413.1 257.7 332.5 706.7 863.0 143.4 129.7 182.4 342.0 42.52 77.12 113.2
Th 1.46 15.02 7.65 7.43 12.18 11.24 0.76 1.25 1.34 1.81 0.63 0.71 0.71
U 0.90 3.11 1.13 1.01 1.06 4.40 0.38 0.47 0.50 0.87 0.19 0.19 0.19
Nb 5.79 17.19 9.86 6.27 19.04 6.13 12.95 14.76 13.39 17.43 24.73 10.11 10.08
Ta 0.57 1.36 0.73 0.63 1.10 1.16 2.40 0.88 0.93 1.25 1.77 0.84 0.81
Pb 10.11 13.09 9.29 11.23 21.23 17.26 6.72 4.87 5.09 10.94 6.27 10.80 3.57
Sr 217.6 10.42 73.91 76.00 158.8 129.8 274.3 221.1 232.5 219.9 338.7 332.4 288.3
Zr 26.78 129.6 88.74 75.75 46.65 494.1 33.95 52.01 38.41 42.44 16.36 24.76 17.41
Hf 0.70 3.80 2.42 2.20 1.22 2.06 0.98 1.43 1.15 1.07 0.49 0.87 0.72
Y 15.77 25.94 19.53 16.26 25.97 19.89 20.53 25.00 23.53 21.79 26.13 25.42 25.13
V 149.4 63.11 40.13 38.25 73.46 15.40 118.3 164.8 164.7 139.3 157.1 184.2 181.0
Cu 27.93 25.39 12.00 3.53 19.87 0.13 36.52 33.07 29.08 25.70 15.20 53.48 39.67
Zn 88.52 61.60 76.47 53.78 80.28 17.21 61.62 79.83 95.45 55.72 54.58 96.21 91.08
Ni 43.95 68.60 50.85 10.77 12.94 2.90 118.9 37.41 50.12 41.70 24.40 99.37 82.45
Cr 207.8 69.90 69.62 58.89 43.52 15.94 131.4 167.2 135.5 78.75 125.8 138.7 130.5

(Continued )



Table 2. Continued

Dalradian metabasites and granites Grampian gabbros

Sample GOPO 33 GOPO 38 GOPO 41 GOPO 42 GOPO 43 GOPO 45 GOPO 26 GOPO 27 GOPO 28 GOPO 30 GOPO 35 GOPO 39 GOPO 40
GPS [NJ59196645] [NJ58226645] [NJ55506700] [NJ55506700] [NJ58976642] [NJ57506520] [NJ59116647] [NJ58766635] [NJ58766635] [NJ58886639] [NJ58526640] [NJ62906600] [NJ63006590]

Trace elements (ppm)

La 12.89 43.45 21.18 20.58 46.20 26.47 10.01 14.41 13.16 19.73 21.40 9.02 8.81
Ce 26.82 92.23 44.94 43.55 95.97 58.17 22.15 35.11 31.41 42.03 46.45 22.58 22.44
Pr 3.23 10.87 5.57 5.32 11.80 7.21 2.82 4.65 4.17 5.07 6.06 3.36 3.39
Nd 12.68 39.94 20.16 19.11 44.82 26.15 12.05 19.22 17.56 20.01 24.70 16.27 16.27
Sm 2.70 7.11 3.68 3.57 8.35 5.48 2.97 4.38 4.02 4.06 5.49 4.64 4.68
Eu 1.19 1.50 0.90 0.84 1.93 1.11 1.16 1.34 1.27 1.49 1.91 1.85 1.83
Gd 2.84 6.83 3.99 3.63 8.08 5.32 3.37 4.71 4.51 4.38 5.87 5.15 5.28
Tb 0.44 0.92 0.57 0.50 1.07 0.75 0.58 0.73 0.70 0.65 0.88 0.83 0.84
Dy 2.65 4.87 3.25 2.81 5.41 3.88 3.41 4.19 4.06 3.74 4.71 4.52 4.56
Ho 0.56 0.99 0.69 0.58 1.03 0.70 0.78 0.88 0.85 0.81 0.93 0.94 0.94
Er 1.50 2.57 1.85 1.52 2.40 1.70 2.06 2.38 2.19 2.08 2.29 2.34 2.30
Tm 0.22 0.38 0.26 0.24 0.33 0.24 0.31 0.32 0.32 0.31 0.31 0.32 0.31
Yb 1.50 2.56 1.74 1.57 2.06 1.63 1.96 2.13 2.18 2.09 1.99 2.03 1.94
Lu 0.23 0.37 0.26 0.23 0.29 0.23 0.28 0.31 0.31 0.31 0.28 0.27 0.27
Nb/La 0.45 0.40 0.47 0.30 0.41 0.23 1.29 1.02 1.02 0.88 1.16 1.12 1.14
Ba/Rb 6.3 4.1 3.2 3.8 7.2 6.5 11.5 10.0 10.0 8.3 23.0 17.7 27.2



more significant gradient across the REEs than those
of the Grampian gabbros and carry a slightly nega-
tive Eu anomaly that does not appear in the Gram-
pian gabbro REE plots (Fig. 15a). For both the

Dalradian metabasites and the Grampian gabbros,
a decrease in the slope of the REE plot occurs
with decreasing compatibility (Er, Tm, Yb and Lu
all occur at values near to unity), resulting in

Fig. 14. Covariation diagrams for igneous rock samples from the Portsoy region displaying concentration of (a–d)
some major oxides v. SiO2; (e) K2O v. SiO2; (f) Na2O v. SiO2; (g) total alkalis v. SiO2; and (h) K2O v. Na2O. Fields used
for alkaline v. sub-alkaline classification (Miyashiro 1978) are shown on Figure 14e–g and the different alkaline
classification fields of Middlemost (1975) are shown on Figure 14h. Legend for Figure 14a is applicable to all figures.

LITHOSPHERIC-SCALE EXTENSION DURING GRAMPIAN OROGENESIS 149



upwards concavity of the plot in the region of the
HREEs (Fig. 15a).

Samples taken from both the Dalradian meta-
basites and Grampian gabbros display marked
enrichments in the LILEs (e.g. Cs, Rb, Ba, Th, U
and Pb) with respect to the REEs, being generally
10–1000 times higher than values expected for
N-MORB (Fig. 15b). Similar to the LREEs, enrich-
ments in the LILEs are more pronounced for the
Dalradian metabasites than for the Grampian
gabbros (Figs 15b & 16a, b). The Dalradian metaba-
sites also display a significant depletion in Sr that is
not seen in trace element plots for the Grampian
gabbros (Fig. 15b).

With regard to the HFSEs, inspection of
Figure 15b reveals depletion in Nb and Ta relative
to neighbouring REEs such as La and Ce for
samples of the Dalradian metabasites, but no such

depletion for samples of the Grampian gabbros. In
addition, significant depletion in Ti is apparent for
the Dalradian metabasites but not for the Grampian
gabbros (Fig. 15b). An instructive measure of HFSE
depletion/enrichment is Nb abundance relative to
that of La. Markedly higher values of Nb/La were
obtained from analyses carried out on the Grampian
gabbros in comparison to those carried out on
samples of the Dalradian metabasites. The Nb/La
v. SiO2 plot of Figure 16c demonstrates a clear
distinction between the two populations on the
basis of differing Nb/La values for similar SiO2

and defines a trend toward decreasing Nb/La with
increasing SiO2 for each of the sample sets. In
Nb/La v. Ba/Rb space, samples of the Dalradian
metabasites are positioned separately from samples
of the Grampian gabbros, the latter plotting at Nb/
La values of close to unity and at higher Nb/La

Fig. 15. (a) N-MORB-normalized REE; and (b) trace element plots for igneous rock samples from the Portsoy region.
Legend for Figure b can be applied to Figure a.
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and Ba/Rb values than the former (Fig. 16d). Zircon
fractionation related to incomplete digestion follow-
ing acid dissolution techniques used to prepare the
analysed samples is responsible for depletion in Zr
and Hf relative to other HFSE. Zr and Hf results
were deliberately omitted from Figure 15b to
avoid assignation of undue relevance to global
depletions in these elements.

Discussion

Examination of the tectonic sequence diagram
for the Portsoy transect (Table 1) reveals details of
the tectonic evolution of the Grampian Terrane.
An evolution in movement sense across the
Portsoy-Duchray Hill Lineament (PDHL), from
top-to-the-west (SZtopW1) to top-to-the-east (SZtopE)
to top-to-the-west (SZtopW2) is apparent (Table 1).
Top-to-the-east movement (SZtopE) occurred
during mantle melting (MGrampian) and sediment
deposition at the top of the Dalradian Supergroup
(BGrampian). Metamorphism in the Barrovian-type
units was synchronous with SZtopE, whereas that in
the PDHL and the Buchan Block began during
SZtopE shearing and continued into the subsequent
folding (FBoyndie) and top-to-the-west shear
episode (SZtopW2) (Fig. 13). Being of lower pressure
but identical (initial) structural age, metamorphism
of the Buchan Block with respect to the Barrovian-
type units to its west can be used to suggest that
the Buchan Block and Barrovian-type units to the

west formed the hanging wall and footwall of the
PDHL, respectively, at this time. Similar depths of
emplacement for members of the Grampian gab-
bros, calculated from contact metamorphic assem-
blages in the Dalradian country rock (Droop &
Charnley 1985), suggest that the shear zones of Ash-
croft et al. (1984), into which they were emplaced,
formed a sub-horizontal sheet, consistent with
gentle dips for the shear zones during SZtopE defor-
mation. The metamorphic pattern across the PDHL
(higher-pressure units to the west and lower-
pressure units to the east) is consistent with
metamorphism and crustal heating during
top-to-the-east, normal-sense shear movement on
the low-angle shear zones that comprised the
PDHL of SZtopE times. Shear planes within the
PDHL must have dipped gently toward the east or
SE, suggesting that the SZtopE episode accommo-
dated crustal extension. Episodes of top-to-the-west
shearing represent phases of thrusting across the
PDHL, and vertical thickening of the Grampian
Terrane. An evolution in deformation style during
the Grampian orogenic episode from shortening
(FisoSZtopW1), to extension (SZtopE), to renewed
shortening (FBoyndieSZtopW2) is apparent in the tec-
tonic sequence diagram of Table 1. The hanging
wall (Buchan Block) appears to have been thrust
westward over the footwall (Barrovian-type units)
during SZtopW1, and again during SZtopW2, with
unroofing of the Barrovian-type units (SZtopE)
occurring between the thrusting episodes.

Fig. 16. (a) Th v. Nb; (b) Rb v. Nb; (c) Nb/La v. SiO2; and (d) Nb/La v. Ba/Rb plots for igneous samples from
the Portsoy region. Figure 16d displays fields for some previously characterized mafic magma suites. Legend for
Figure 14c can be applied to all figures. North Taiwan, SW Japan and Yukon data from Wang et al. (1999), Piercey et al.
(2002) and Uto et al. (2004), respectively.
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The origin of the Dalradian and Grampian

magmas

The compositional differences between the Dalra-
dian metabasites and the Grampian gabbros
suggest that their petrogenesis was distinct. A sig-
nificant range in major element composition for
the Dalaradian igneous units (Fig. 14a–d) is con-
sistent with fractionation during crystallization.
Crystallization then removal of cumulus plagioclase
from the system can account for the negative Eu
(Fig. 15a) and Sr (Fig. 15b) anomalies displayed
by the sample set. The more limited range in
Grampian gabbro major element compositions
(Fig. 14a–d) is suggestive of less pronounced frac-
tionation. Scatter in alkalis (Fig. 14e, f) with respect
to the other major elements (Fig. 14a–d) suggests
that the alkali species (e.g. Na2O and K2O) were
mobilized following crystallization. The Dalradian
metabasites and Grampian gabbros display compo-
sitions that are transitional between alkaline and
sub-alkaline, and are potassic and sodic, respect-
ively. However, the apparent mobilization of
Na2O and K2O makes perilous any attempt to
relate rock type (as defined by alkali abundance)
to melt origin or tectonic setting.

Negative gradients in the REEs for the Dalradian
metabasites and the Grampian gabbros (Fig. 15a)
are likely to have an origin in fractionation by
partial melting of the source region. At low
degrees of partial melting, garnet lherzolite mantle
will produce magmas that display large gradients
across the HREEs, related to sequestration of the
heavier elements in restitic garnet (cf. Kay & Gast
1973). Relatively flat HREE patterns for the Dalra-
dian metabasites and the Grampian gabbros
(Fig. 15a) are consistent with partial melting (for
the most part) at mantle depths more shallow than
the spinel lherzolite–garnet lherzolite transition
(i.e. pressures ,18 to 27 kbar for temperatures of
1100–1500 8C: O’Neill 1981; Klemme & O’Neill
2000). Mantle & Collins (2008) determined an expo-
nential relationship between maximum Ce/Y ratios
recorded in basalts from active arc volcanos and the
seismically defined Moho depth beneath them.
Maximum Ce/Y ratios of 3.70 and 1.93 for the Dal-
radian metabasites and Grampian gabbros, respect-
ively, correspond to crustal thicknesses of about
45 km during Dalradian magmatism and about
33 km during Grampian magmatism, according to
the Mantle & Collins (2008) relationship. These
values suggest that the crust was thinner during
Grampian (syn-orogenic) magmatism than it was
during Dalradian (possibly rift-related) magmatism.

LILE enrichments are apparent in the geochem-
istry of both the Dalradian metabasites and Gram-
pian gabbros from Portsoy (Fig. 15b) and are
associated with considerable assimilation of

crustal material during ascent and emplacement of
the magmas, or possibly with their derivation from
a mantle source contaminated with a LILE-rich
fluid or magma component.

Nb/La and Ba/Rb compositions for the Gram-
pian gabbros plot near to N-MORB, E-MORB and
OIB compositions (Sun & McDonough 1989) and,
in Nb/La v. Ba/Rb space, overlap with decompres-
sion melting fields defined by basalts erupted during
post-collisional extension in northern Taiwan
(Wang et al. 1999) and back-arc extension in the
Yukon (Piercey et al. 2002; Fig. 16d). Units of the
Dalradian metabasites plot at significantly lower
Nb/La and Ba/Rb and, in Nb/La v. Ba/Rb space,
overlap with syn-collisional arc basalts from north-
ern Taiwan (Wang et al. 1999) and SW Japan (Uto
et al. 2004; Fig. 16d). In mantle melts, depletion in
HFSEs relative to N-MORB can represent a primary
melt feature (e.g. Pearce 1983; Kelemen et al. 1990;
Saunders et al. 1991) or may be the result of assim-
ilation of continental crust – for which quoted
typical Nb/La values range from 0.35 (Condie
1993) to 0.83 (Rudnick & Fountain 1995), in com-
parison to 0.93 for N-MORB (Sun & McDonough
1989). It is conceivable that trends in the individual
sample populations of Figure 16c represent the
effects of varying influence of crustal assimilation
on Nb/La ratios, with decreasing Nb/La and
increasing SiO2 representing an increasing HFSE-
depleted continental crust component in the
magmas. However, extrapolation of Nb/La values
back to that for N-MORB yields SiO2 concen-
trations for the Dalradian metabasites of around 20
wt% (Fig. 16c), an unrealistically low figure for sili-
cate melts. It appears that HFSE depletions observed
for the Dalradian metabasites did not occur solely as
the result of crustal assimilation. The melts that pro-
duced the Dalradian metabasites and Grampian
gabbros originated in the same region of the sub-
Grampian asthenosphere, and differing HFSE abun-
dances are unlikely to have been inherited from the
melt source region. Consequently, the origin of dif-
fering HFSE signatures for the two sample sets must
lie in different melting processes. HFSE depletions
are a ubiquitous geochemical signature in arc set-
tings where mantle melting is assisted by fluid
fluxing of the mantle wedge. The HFSE abundances
displayed by the Dalradian metabasites are consist-
ent with melting of a HFSE-fertile asthenosphere
in the presence of fluids, whereas the Grampian
gabbros appear to have derived from decompression
melting of the same source, in the absence of fluids.
The observation of similar enrichments in Rb (fluid
mobile) and Th (fluid mobile only at magmatic temp-
eratures) with respect to Nb in the Dalradian meta-
basites (Fig. 16a, b) provides additional evidence
in support of the presence of fluids at magmatic
temperatures during the Dalradian melting episode.
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The geochemistry of the Dalradian metabasites
indicates that their parental magmas were the
product of fluid-present melting of the mantle
wedge, perhaps during active subduction at
c. 600 Ma. Tanner et al. (2006), on the basis of geo-
chemical and isotopic work carried out on the
Dalradian granites, suggested that the Dalradian
granites were A-type and thus were intruded during
crustal rifting and continental breakup. A-type gran-
ites can occur in association with crustal rifting and
active subduction (rather than continental breakup)
(e.g. Landenberger & Collins 1996; Zhou & Li
2000). The classification of the Dalradian granites
as A-type does not preclude their production above
an active subduction zone. The later (c. 471 Ma)
Grampian gabbros have their origins in decompres-
sion melting of the asthenosphere. For both cases,
melting occurred within the spinel lherzolite field
and thus beneath a lithospheric section less than
about 70 km in thickness (assuming temperature at
the base of the lithosphere is 1350 8C and average
lithospheric density is 3 g cm23). Similar arc
magmas and decompression-related magmas of dif-
fering age coexist in a number of locations that have
experienced continental convergence, including the
Aleutian Arc (Singer & Myers 1990), northern
Taiwan (Wang et al. 1999), western Ireland (Draut
& Clift 2001), the Yukon (Piercey et al. 2002), SW
Japan (Uto et al. 2004), the Carpathian-Pannonian
region (Seghedi et al. 2004) and western Anatolia
and the Aegean (Agostini et al. 2007).

A new model for Grampian orogenesis

Lithospheric-scale extension during SZtopE can
account for thinning of the lithosphere responsible
for decompression melting of the mantle beneath
the Grampian Terrane and production and emplace-
ment the Grampian gabbros (MGrampian). The Gram-
pian granites may relate to melting of the lower to
middle crust following emplacement of the Gram-
pian gabbros. On the basis of Grampian gabbro
whole-rock geochemistry, the base of the litho-
sphere during syn-orogenic mantle melting occurred
at depths of less than 70 km. A less than 70 km thick

lithospheric section suggests that the lithosphere
had been attenuated, even in comparison to stable
continental crust, and that tectonic boundary
forces, not simply gravity, drove extensional col-
lapse of orogenic crust. Syn-deformational (SZtopE

age) subsidence and sediment deposition (BGrampian)
represent an expected outcome for tectonism invol-
ving significant lithospheric thinning.

During the SZtopE extension, the PDHL acted as
an additional heat source for both the Barrovian-
type metamorphism and the Buchan metamorphism,
concentrating both heat produced internally by
mechanical work within the high-strain zone, and
heat advected from the mantle in the form of
Grampian-age mantle melts. Metamorphic mineral
growth in the hanging wall and shear zone persisted
into the subsequent thickening episode, which
involved penetrative folding (FBoyndie) and thrusting
across the PDHL (SZtopW2). Thickening of the litho-
sphere during FBoyndie and SZtopW2 would have ter-
minated decompression-related mantle melting:
shortening, in effect, cut off the heat supply. This
process has been observed in the Lachlan Fold
Belt of southeastern Australia (cf. Richards &
Collins 2004). Metamorphism within the PDHL
and in the hanging wall during the early stages of
shortening (FBoyndie and SZtopW2) was likely to
have been related to the time required to shed heat
that had concentrated in the middle crust during
the preceding extension (SZtopE). Thickening of
the lithospheric section during FisoSZtopW1, prior to
SZtopE, meant that metamorphic heating was ini-
tially imparted on an overthickened crustal section
and can account for the production of the higher-
pressure (kyanite-grade) assemblages early in the
extensional episode. Conductive dissipation of heat
from the sillimanite zone can account for changes
in the structural timing of peak metamorphism
with decreasing metamorphic grade in the hanging
wall (Buchan Block) (Fig. 13).

Movement across the PDHL juxtaposed the
hanging wall against the region of maximum thin-
ning (and maximum heating) in the footwall
(Fig. 17). Regions of the footwall that had experi-
enced heating were cooled as they moved away

Fig. 17. Schematic diagram illustrating the hanging wall-footwall model for production of neighbouring Barrovian-
and Buchan-type units during lithospheric-scale extension and decompression melting.

LITHOSPHERIC-SCALE EXTENSION DURING GRAMPIAN OROGENESIS 153



from the hot zone. The Buchan Block marks the
current-day location of the site of lithospheric thin-
ning during the Grampian-age extensional phase,
as the high gravitational response given by the
region (Fig. 4) would attest. The PDHL acted as a
mid-crustal dislocation that allowed independent
thermal development of Barrovian-type units and
the Buchan Block. The essential aspects of the
new model include a phase of extensional defor-
mation during the Grampian orogenic episode. The
pertinent features of the model are as follows:

(a) early-Grampian deformation (FisoSZtopW1)
resulted in crustal thickening and produced a
thick crustal section capable of producing
kyanite when heated;

(b) a mid-crustal shear zone (the PDHL) separated
a hanging wall (Buchan Block) from a footwall
during the Grampian orogenesis;

(c) decompression melting and production of the
Grampian gabbros (MGrampian) occurred dur-
ing syn-orogenic, extension-driven collapse
of the orogenic edifice during SZtopE, contem-
poraneous with deposition of the uppermost
sediments of the Dalradian Supergroup;

(d) attenuation of isotherms and mechanical work
during SZtopE extension, coupled with advec-
tion of heat from the mantle by MGrampian

magmatism, gave rise to the regional meta-
morphism (recorded in the Barrovian- and
Buchan-type metamorphic units of the Gram-
pian Terrane);

(e) independent thermal histories recorded in the
hanging wall and footwall of the PDHL are
related to their position with respect to the
zone of maximum lower crustal heating; and

(f) the metamorphic heat supply was terminated by
renewed thickening (FBoyndieSZtopW2). Overlap
of metamorphism with shortening within the
PDHL and in the hanging wall was related to
the time required for the crust to shed heat accu-
mulated within the highest-grade zones during
SZtopE.

The new model for metamorphism of the Buchan
Block and Barrovian-type units to the west departs
from models previously offered for the Grampian-
age tectonic development of the region, which
have all proposed thrusting of the Buchan Block
over the Barrovian-type units during the regional
metamorphism (cf. Baker 1987; Beddoe-Stephens
1990; Dempster et al. 1995). Past tectonic models
have focused on the growth of kyanite after andalu-
site and its implications for pressure evolution in the
footwall to the PDHL, yet largely overlooked a need
to place metamorphic observations in a structural
context. If one accepts that there were two gener-
ations of andalusite growth, metamorphic obser-
vations can be reconciled with evidence in the

structural and magmatic record for extension
during metamorphism.

Pre-Grampian andalusite growth in the Grampian
Terrane. Andalusite within the contact aureole of
the Ben Vuirich Granite has been related to a
thermal regime that pre-dates the Grampian event
(Ahmed-Said & Tanner 2000). Although the meta-
morphism occurred in response to granite emplace-
ment, it preserves a record of pressure and
temperature (600 8C at �2 kbar) suggestive of
high crustal heat flow. Early andalusite to the west
of the PDHL (Chinner & Heseltine 1979; Chinner
1980) may represent heating of the upper crust
during Dalradian magmatism at c. 600 Ma. Zenk &
Schulz (2004) carried out Ca-amphibole geother-
mobarometry on the Green Beds of the Dalradian
metabasites to demonstrate increasing pressure
during the Barrovian metamorphism in Perthshire.
The white mica geochemistry of units from the
Barrovian metamorphic series is consistent with a
pressure decrease during Barrovian metamorphic
heating in Scotland in conflict with the conclusions
of Zenk & Schulz (2004) (D. R. Viete unpublished
data). Zenk & Schulz (2004) failed to match
zoning in Ca-amphiboles with fabrics developed
during the Grampian orogenic episode, making the
timing of the heating recorded within their Ca-
amphiboles equivocal. It is plausible that the Ca-
amphibole geothermobarometry of Zenk & Schulz
(2004) provides a record of steepening of the
apparent crustal geotherm, from that of Dalradian-
magmatic and pre-Grampian times to that during
the initial thickening associated with Grampian
orogenesis. Decompression during the heating asso-
ciated with the regional (Barrovian- and Buchan-
type) metamorphism would have followed.

Age of the gneissic units and the role of the PDHL.
On the basis of Rb–Sr geochronology and structural
geology, Sturt et al. (1977) and Ramsay & Sturt
(1979) proposed that some of the gneisses that
crop out in association with high-strain zones of
the Buchan Block formed prior to the Grampian oro-
genic episode. Mapping carried out on the migmati-
tic units of the Aberdeenshire coast between Logie
Head and Macduff (Durnhill Quartzite and Cow-
hythe Gneiss) yielded results consistent with
pre-Grampian migmatization (Table 1), and thus
supports the position taken by Sturt et al. (1977)
and Ramsay & Sturt (1979). Leucosome from
migmatites of the Cowhythe Gneiss contains
1012 + 10 Ma (U–Pb SHRIMP) zircon over-
growths (G. J. H. Oliver unpublished data). The
Cowhythe Gneiss is thought to represent Grenvil-
lean basement to the Dalradian. So, how could it
be that thin slices of basement found themselves
caught up in the sequence they originally floored?

D. R. VIETE ET AL.154



The Cowhythe Gneiss is bounded, to its east and
west, by high-strain zones that preserve opposing
movement sense. On its east side, the SZtopE -age
Boyne Line of Read (1955) separates the Cowhythe
Gneiss from the Boyne Limestone, and on its west
side, the SZtopW2-age Portsoy Thrust of Elles
(1931) separates it from the Grampian gabbros
that intruded the Portsoy Group. Like the Cowhythe
Gneiss, the Durnhill Quartzite is bounded on both
sides by sheared units that display different senses
of movement (SZtopE shear zone on the west and
SZtopW1 shear zone on the east) (Fig. 6). In each
case, basement and Dalradian units may have been
juxtaposed following the earlier shear movement,
with later, opposite-sense movements on the oppos-
ing side responsible for abandonment of the
basement slice.

Shear zones are not perfectly planar features,
they anastomose and, along their length, can fork
and merge. Reactivation of a broad zone of shear,
associated with a switch in deformation mode
(from extension to shortening or vice versa), will
not necessarily exploit the same internal shear
zones as were utilized during earlier deformation.
Accordingly, lenses of pseudo-exotic material can
be stranded as the block from which they were
sourced returns to the region whence it came.
Repeated reactivation of the PDHL under different
tectonic regimes can account for the presence of
basement slices within the lithostratigraphy. The
tectonic sequence diagram of Table 1 demonstrates
shear zone reactivation in the SZtopW1SZtopE

. . . SZtopW2 sequence it displays. Major shear
zones that have accommodated movements across
one or more deformation mode switches have been
termed ‘shuffle zones’ (Beltrando et al. 2007,
2008; Forster & Lister 2009). Interleaving of units
of different affinities, that record different tectonic
histories, represents a fundamental feature of
shuffle zones (Beltrando et al. 2007, 2008; Forster
& Lister 2009). The PDHL offers a perfect candi-
date for a mid-crustal, Grampian-age shuffle zone.

Age of deposition for the uppermost Dalradian. An
additional stratigraphic concern that arises with the
proposal of the syn-Grampian extension model is
the depositional age of the uppermost units of the
Dalradian (the Whitehills and Boyndie Bay
Groups and the Macduff Slates). Downie et al.
(1971) gave the Macduff slates a tentative Arenig
(c. 479–466 Ma: Cooper & Sadler 2004) age
based on the presence of metamorphosed microfos-
sil fragments that resembled known species of chit-
onozoa. The chitonozoans they identified included
members of the Desmochitina genus, whose first
arrival in the palynological record coincides with
the upper middle Arenig (Paris et al. 1999) or the
datum of the third stage of the Ordovician global

chronostratigraphy, at c. 472 Ma (Cooper & Sadler
2004). Molyneux (1998) reviewed the work of
Downie et al. (1971), concluding that the condition
of microfossils identified as chitinozoans in the
early work would not allow unequivocal assignation
of a species or genus and thus that palynological evi-
dence presented by Downie et al. (1971) for
Arenig-age deposition of the Macduff Slates was
not robust. Molneux (1998) however, did identify
an archritarch described by Downie et al. (1971)
as Veryhachium lairdii, whose first appearance in
the palynological record occurs in the Tremadoc,
at c. 483 (Servais et al. 2007) but whose presence
continues well into the Arenig (S. G. Molyneux
pers. comm.).

The controversial oldest deposition age of
c. 472 Ma (Cooper & Sadler 2004) promoted by
Downie et al. (1971) has often been dismissed on
the grounds that it does not fit with active mountain
building at that time. Sutton & Watson (1955) con-
sidered the sedimentary sequence preserved
between Boyne Bay and Macduff to record an evol-
ution in the environment of sedimentation, the
decreasing calcareous and increasing coarse clastic
sediment component indicating the emergence of a
landmass. They stated that ‘at the time of deposition
of the upper Dalradian, the Caledonian movements
had already begun’ and that the material that consti-
tutes the upper Dalradian sediments ‘might have
been derived from newly uplifted ridges’ (Sutton &
Watson 1955, p. 131). They matched the sediment
sequence and sedimentary structures of the upper
Dalradian with Oligocene and younger sediments
of the Northern Apennines, a region that, from
Miocene times, has seen extension and collapse of
an orogenic edifice (cf. Carmignani et al. 1994;
Barchi et al. 1998).

The model we have proposed for Grampian
orogenesis certainly endorses Grampian-age depo-
sition of the uppermost Dalradian (Whitehills and
Boyndie Bay Groups and Macduff Slates) in a syn-
orogenic (extensional) setting. The robust oldest
deposition age of c. 483 Ma for the microfossil-
bearing Macduff Slates does not discount deposition
of the Macduff Slates during SZtopE and MGrampian,
as required by our model. Evidence for or against
a post-472 Ma Arenig age for the Macduff Slates
will bear heavily on the validity of the model
here presented.

Age of the Boyndie Syncline. A major requirement
of the model presented here is that the Boyndie Syn-
cline and related folds formed during the regional
Buchan-type metamorphism. The results of our
work are consistent with the structural age given
to the Boyndie Syncline by Johnson & Stewart
(1960), Johnson (1962) and Fettes (1970) and its
development during the latest stages of the regional
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metamorphism. Treagus & Roberts (1981), follow-
ing Sutton & Watson (1956), assigned the
Boyndie Syncline and related folds an early struc-
tural timing that pre-dated regional metamorphism.
Treagus & Roberts (1981), as we have, observed a
simpler structural history on the gently-dipping
eastern limb of the Boyndie Syncline than that
recorded in the steeper-dipping western limb.
They argued that an absence of ‘D2’ deformation
(our SZtopE) was related to differing strain response
offered by the separate limbs of a pre-existing fold
structure (the Boyndie Syncline). Late folding
imparted on a sequence deposited during the
SZtopE episode would take the appearance of an
early fold generation and can explain the absence
of pre-SZtopE structures east of Whitehills. The
metamorphic (Fig. 2a), shear zone and magmatic
patterns (Fig. 3) of the eastern part of the Grampian
Terrane define the axial trace of the Boyndie
Syncline. A SZtopE age for emplacement of Gram-
pian gabbros into the flat-lying (Fettes 1970;
Droop & Charnley 1985) regional shear network
and for development of much of the regional meta-
morphic pattern calls into question claims for
pre-SZtopE formation of the Boyndie Syncline.

Conclusion

A new tectonic model for development of the
Buchan Block and the adjoining Barrovian-type
units of the Grampian Terrane, Scotland, has been
proposed on the basis of field mapping, microstruc-
tural analysis, metamorphic petrology and mafic
magma geochemistry. The model proposes that
metamorphic heating to produce the Buchan-type
units and neighbouring Barrovian-type assemblages
was associated with lithospheric-scale extension
and the emplacement of mafic magmas sourced
from decompression melting of the asthenosphere
beneath lithosphere less than 70 km thick.
Lithospheric-scale extension followed initiation of
Grampian orogenesis by lithospheric-scale thicken-
ing and was itself followed by renewed thickening
of the lithosphere, imposed on a crustal section
still hot from extension-related heating. A large pro-
portion of the strain associated with the lithospheric-
scale shortening and extension episodes was accom-
modated by movement across a gently-dipping,
mid-crustal detachment, manifest as the gabbro-
bearing shear zones of the Buchan Block described
by Ashcroft et al. (1984). The Buchan Block
comprised the hanging wall to this detachment,
whereas Barrovian-type units were produced in
the footwall. In the model, translation of the
Buchan hanging wall relative to metamorphic
heat sources (magmas) in the footwall can account
for differences observed in the metamorphic

pressure-temperature history of the Buchan Block
relative to the neighbouring Barrovian-type units.
Repeated movements of opposing polarity across
the mid-crustal detachment resulted in abandon-
ment of high-grade lenses of Grenvillean basement
within the Dalradian sequence.

According to the new model, the regional
metamorphic pattern (Barrovian- and Buchan-type
metamorphism) was first established during top-to-
the-east shear across the Portsoy-Duchray Hill
Lineament and emplacement of the Grampian gab-
bros into the shear zones. The uppermost regions
of the Dalradian (the Whitehills and Boyndie Bay
Groups and the Macduff Slates) were deposited
during the syn-orogenic extension that saw Gram-
pian bimodal magmatism and regional metamorphic
heating. The Boyndie Syncline represents a late
structure (cf. Johnson 1960; Johnson & Stewart
1962), developed during the second Grampian-age
thickening episode to affect the Grampian Terrane,
and post-dates Grampian bimodal magmatism and
regional metamorphic heating.
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Abstract: The Rosemarkie Inlier is a small fault-bounded lens of interleaved Moine psammites and
possible Lewisianoid orthogneisses with distinctive leucogranite veins and pods that lies adjacent to
the Great Glen Fault (GGF). The basement rocks and most of the leucogranites are strongly
deformed and tightly folded with foliations generally steeply dipping and a locally well-developed
NE-plunging rodding lineation. Mid-Devonian sandstone and conglomerate unconformably overlie
the inlier on its western side. Monazite from a deformed leucogranite vein gave a mean ID-TIMS
207Pb/235U age of 397.6 + 2.2 Ma and acicular zircons gave a compatible concordant ID-TIMS
U–Pb age of 400.8 + 2.6 Ma, dating emplacement as mid-Devonian. Xenocrystic zircons from
the leucogranites and complex zoned zircons from two adjacent tonalitic gneisses gave LA-MC-
ICP-MS concordant ages between 2720 and 2930 Ma confirming their Archaean Lewisianoid
origin. Leucogranite emplacement is interpreted to mark the onset of Acadian transpression and
sinistral strike-slip movement on the GGF that resulted in multi-phase deformation and oblique
exhumation of the Rosemarkie Inlier. The sequence and structure of the Early-Devonian Meall
Fuar-mhonaidh Outlier, 32 km farther SW along the GGF, are also linked to this tectonic event,
which was apparently localized along the main terrane-bounding faults in Scotland.

The Great Glen Fault (GGF) is a major geological
and topographical feature that transects the High-
lands of Scotland, separating the Grampian High-
lands to the SE from the Northern Highlands to
the NW. The fault passes offshore into the Moray
Firth (Fig. 1), where it forms a major sub-vertical
structure (Andrews et al. 1990). The fault can be
traced for a further 23 km NE into deformed
Mesozoic strata of the West Moray Firth Basin
(Bird et al. 1987; Underhill 1991). The full role of
the GGF in the geological history and tectonic
development of the Scottish Highlands remains
unclear, but it appears to have acted as a Neoproter-
ozoic basin-bounding fault (Banks & Winchester
2004) and has undoubtedly been the focus of signifi-
cant sinistral movements during the Palaeozoic
(Johnstone & Mykura 1989; Stewart et al. 1999).
Minor sinistral, dextral and vertical movements
followed in Mesozoic and Cenozoic times (Rogers
et al. 1989; Andrews et al. 1990; Underhill &
Brodie 1993; Roberts & Holdsworth 1999). Expo-
sure along the Great Glen is generally poor, but
farther SW, mylonites and blastomylonites attest
to ductile shearing at mid-crustal levels (9–16 km)
with later cataclasite, phyllonite and breccia devel-
opment reflecting shallower level brittle movements
(Stewart et al. 1999).

The Rosemarkie and Cromarty inliers crop out
adjacent to the GGF surrounded by Devonian
rocks (Fig. 1). The Rosemarkie Inlier, some 2 km
wide and 9 km long, lies on the Black Isle adjacent
to the GGF whose trace runs up to 500 m offshore
(Fig. 2). It exposes deformed amphibolite-facies
psammites, subsidiary semipelites, amphibolitic
mafic bodies and laminated felsic and mafic
gneisses, all cut by abundant, typically salmon
pink, leucogranite veins and sheets (Rathbone &
Harris 1980; Fletcher et al. 1996). Exposure is effec-
tively limited to coastal outcrops (Fig. 3a), with a
few weathered inland outcrops. To the SW and
NE the inlier is fault-bounded, but on its NW side
mid-Devonian sandstones and conglomerates
unconformably onlap the inlier. Palynological data
from this Orcadian sequence show that its basal
beds were deposited in the late Eifelian at
c. 393 Ma (Marshall et al. 2007). The main psammi-
tic and gneissose lithologies are similar to those of
the Neoproterozoic Moine succession and Archaean
Lewisianoid inliers of the Northern Highlands
respectively, but they differ considerably from the
nearest Moine rocks, Loch Eil Group psammites
that crop out some 20 km to the NW.

The rocks of the inlier are widely altered,
fractured and crushed with breccia and gouge

From: LAW, R. D., BUTLER, R. W. H., HOLDSWORTH, R. E., KRABBENDAM, M. & STRACHAN, R. A. (eds) Continental
Tectonics and Mountain Building: The Legacy of Peach and Horne. Geological Society, London, Special Publications,
335, 161–187. DOI: 10.1144/SP335.8 0305-8719/10/$15.00 # The Geological Society of London 2010.



Fig. 1. Generalized geology of the area around Inverness showing the location of the Rosemarkie and Cromarty inliers.
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Fig. 2. Geology of the Rosemarkie Inlier.
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developed. The exception to this is a section below
Learnie Farm between [NH 760 712] and [NH 767
620] where brittle deformation was limited and
earlier ductile deformation structures are seen
clearly. Here, Rathbone & Harris (1980) recognized

four discrete phases of ductile deformation with
the leucogranites deformed by the latter three
phases. The majority of the leucogranite veins
show clear evidence of intrusion at an early stage
of the main deformation (D2) (Rathbone & Harris

Fig. 3. (a) Learnie foreshore showing the steeply dipping Moine psammites and Lewisianoid gneisses intruded by a
prominent, near concordant, pink leucocratic microgranite vein. The hammer (38 cm long) marks the vein. Locality
GX 1731, 1732. [NH 7620 6124]. (b) Interference fold (F2þ F3) of thin leucogranite vein in Moine psammites and
semipelites. [NH 767 617].
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1980). The deformation phases in the inlier have
been correlated with those of the Moine rocks and
hence the leucogranites were thought to be of
Ordovician age or older (Rathbone 1980).

The inlier was exhumed after emplacement of
the leucogranite veins but prior to deposition of
the adjacent late Eifelian to Givetian sequence. To
provide a lower age constraint on deformation and
exhumation, samples of leucogranites were col-
lected for U–Pb isotopic dating. Samples of the
adjacent gneisses were also taken to ascertain their
relationship with the Lewisianoid gneisses that
underlie the Moine Supergroup of the Northern
Highlands. Stratigraphical units and related ages
quoted in this paper are based on the current Inter-
national Commission on Stratigraphy chart that
largely follows Gradstein et al. (2004).

Tectonic setting

Studies of the later stages of the Caledonian
Orogeny in the Northern Highlands have focused
on formation of the Moine Thrust Zone at its
western margin, and on the uplift and intrusion
history of its interior and its SE side. The Moine
Thrust Zone was active mainly during the Scandian
event between c. 437 Ma and c. 430 Ma (Johnson
et al. 1985; Dallmeyer et al. 2001; Goodenough
et al. 2006) with later extensional movements conti-
nuing spasmodically to 408 Ma (Freeman et al.
1998). Dewey & Strachan (2003) argued that
Scandian deformation is absent from the Grampian
Highlands to the SE of the GGF, and hence postu-
lated that at least 700 km of sinistral movement
took place along the GGF between 425 Ma and
395 Ma. The waning phases of the Caledonian
Orogeny in the Northern Highlands were marked
by intrusion of granitoid plutons coeval with
regional uplift and significant lateral movements
on the main NE-trending faults (Watson 1984).
Documented examples include the Clunes Tonalite
(428 + 2 Ma; Stewart et al. 2001) and the Strontian
Pluton (425 + 3 Ma; Rogers & Dunning 1991),
both linked to movements on the GGF (Hutton
1988), and the Ratagain Pluton (425 + 3 Ma;
Rogers & Dunning 1991), linked to movements on
the Strathconon Fault (Hutton & McErlean 1991).

The main development of the Acadian Orogeny
lies in eastern North America where Avalonia
collided with Laurentia; the resultant deformation,
metamorphism and related igneous intrusion
events lasted from 420–395 Ma (Van Staal et al.
1998; Van Staal & Whalen 2006; Zagorevski et al.
2007). In the British Isles the Acadian event resulted
from early collision of an Armorican microconti-
nent with the Avalonian part of Laurussia at the
NW margin of the Rheic Ocean. The collision
caused the Midland platform (microcraton) to

indent the Welsh Basin and Late Palaeozoic basins
of central and northern England (Woodcock et al.
2007). Acadian deformation and related meta-
morphism occurred in the Lake District, Wales,
and southern Britain between 400 and 390 Ma
(Soper & Woodcock 2003; Sherlock et al. 2003).
Acadian volcanic rocks seem to be absent from
the British Isles and ‘Acadian’ granites are restricted
to the Southern Uplands and the Lake District. The
nature of the Acadian event in Scotland is equivocal,
although structures in the Midland Valley, for
example, the Strathmore Syncline, have been attrib-
uted to mid-Devonian (c. 400 Ma) sinistral trans-
pression (Soper et al. 1992; Jones et al. 1997).

In Baltica the Acadian event is absent and there
is only evidence of an extended history of Devonian
uplift and exhumation of the Western Gneiss region
of Norway (Krabbendam & Dewey 1998; Johnston
et al. 2007; Walsh et al. 2007) and formation of
large sinistral transtensional basins (Osmundsen &
Andersen 2001; Eide et al. 2005). Uplift and exten-
sion here lasted from at least 410 Ma through
to 370 Ma.

The lithology and structure of the

Rosemarkie Inlier

Hugh Miller (in 1885) and John Horne (in 1890)
mapped the Rosemarkie Inlier during the primary
geological survey and brief descriptions of the
lithologies and petrography are given in the Geo-
logical Survey of Scotland Memoir for the area
(Horne 1923). Horne noted the distinctive character
of the rocks and the abundance of alkali-felspar-rich
granitic material. He commented on their simi-
larities to the Moine psammites, but also speculated
that the hornblendic felsic gneisses may equate to
the ‘Lewisian floor’ to the Moine succession (i.e.
the Lewisianoid gneisses). He even suggested
(p. 58) that the rocks may be a ‘distinct group of
Moine rocks brought up by the Great Glen Fault’.
Subsequently, P. A. Rathbone carried out detailed
work on the inlier as part of his PhD (Rathbone
1980; Rathbone & Harris 1980) and A. J. Highton
remapped the southern part of the Rosemarkie
Inlier and questioned the nature of the protolith of
the felsic and mafic gneisses (Fletcher et al. 1996).
Much of the structural data used here has been
abstracted from Rathbone (1980).

Lithology

The Rosemarkie Inlier consists of grey, flaggy,
typically thinly banded siliceous to micaceous
psammites with subsidiary semipelites and pelites.
Thin quartzofeldspathic lenticles impart a weakly
gneissose appearance to the rocks. The psammites
are interleaved with laminated to thinly banded
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felsic and mafic gneisses on scales varying from a
few centimetres to tens of metres. The felsic gne-
isses consist essentially of quartz-plagioclase-biotite
with variable hornblende content and are interlami-
nated with abundant amphibolitic mafic gneisses.
Thicker amphibolitic mafic units and hornblendic
ultramafic lenses, locally with agmatitic net-veins,
also occur within these gneisses, features character-
istic of the basement Lewisianoid inliers within the
Moine succession. No obvious shear zones or dislo-
cations can be identified at psammite-gneiss con-
tacts and in places the distinction is quite cryptic.
Discrete mafic amphibolite sheets and lenses are
also common in the psammites, semipelites and
the gneisses. These lithologies all contain a strong
layer parallel fabric that is folded by F2, F3 and F4

folds. The rocks show evidence of pervasive recrys-
tallization with quartz, feldspar, hornblende, biotite
and muscovite defining a composite S1–S2 fabric.
The metamorphic assemblages are characteristic
of lower amphibolite facies metamorphism al-
though index minerals are largely absent and retro-
gression effects are widespread. Elongate garnet
porphyroblasts are developed in the pelitic units
and deformed by the D2 crenulation fabric, whereas
the abundant small muscovite and shimmer aggre-
gate porphyroblasts overprint the main S2 foliation
(Fletcher et al. 1996).

Pink to red, foliated and lineated leucogranite
sheets, lenses and veins are diagnostic of the Rose-
markie Inlier. The intrusions are typically 0.3–1 m
wide but range from a millimetre up to 5 m in thick-
ness. They are generally parallel sided and show
sharp planar contacts with the country rocks
(Fig. 3a), but some very thin veins do show dif-
fuse margins. Although strongly deformed, the leu-
cogranite veins are clearly discordant to the host
banding in numerous instances (Rathbone &
Harris 1980). Typically, the angle of discordance
is ,58 but locally high angles are seen. The
granite is variable from fine- to coarse-grained and
partly pegmatitic; in parts it contains pink potash
feldspars, typically augened. Its mineralogy is
essentially quartz, potash feldspar and plagioclase,
with minor muscovite and biotite and accessory
zircon, magnetite or ilmenite, and rare apatite,
monazite or titanite. Secondary chlorite (after
biotite), zoisite, carbonate and rarely sodic amphi-
bole are developed (Fletcher et al. 1996). In some
areas white muscovite-bearing leucogranite sheets
and veins intrude the Moine psammites and semi-
pelites; they show similar features to the pink veins.
Although many of the leucogranite veins show
evidence of strong deformation, others show
deformation features, lower strains and minera-
logies indicative of lower temperature and brittle
shearing, suggesting they were emplaced at higher
crustal levels.

Structure

Rathbone & Harris (1980) recognized four defor-
mation phases in the Rosemarkie Inlier. The planar
fabrics parallel to the compositional banding and
fine-scale interleaving of Moine psammites and
Lewisianoid gneisses were attributed to the D1

event. Tight to isoclinal minor folds are moderately
abundant and are attributed to D2. A related planar
schistosity (S2) and associated lineation (L2) are per-
vasively developed. F3 open to tight folds demon-
strably refold the F2 folds and S2 fabrics and are
abundant on a small- and medium-scale. Their axes
normally plunge moderately to the NE and verge
towards the SE. However, Rathbone & Harris (1980)
noted that F3 fold hinges are commonly curvilinear
through up to 1208. Their axial planes are typically
upright with an S3 schistosity widely developed.
D4 folds control much of the variation in strike and
dip. They also plunge towards the NE but their ver-
gence is towards the NW. Their axial planes are gen-
erally upright, and only rarely is an associated
cleavage developed. F3–F4 and F3–F2 fold interfer-
ence patterns are seen in the psammite-semipelite
lithologies and in the felsic and mafic gneisses. At
[NH 765 615] interleaved Moine and Lewisianoid
rocks are folded by a very tight metre-scale fold
(F2) that is in turn refolded by a D3 synform. The leu-
cogranite veins contain a strong L–S fabric defined
by strongly attenuated quartz and feldspar with
minor thin stringers of biotite and sparse muscovite
development. The lineation and foliation is conti-
guous with L2 and S2 in the adjacent Moine and
Lewisianoid rocks where it is defined by quartz, feld-
spar and in the mafic rocks, hornblende alignment.
L2 in the leucogranite is a millimetre-scale rodding
of quartz and pink feldspar; it locally dominates to
give an L-tectonite. In places there are spectacular
F2–F3 interference folds involving the leucogranite
veins (Fig. 3b). Rathbone & Harris (1980) docu-
mented examples of fold interference patterns
involving the leucogranite veins and also showed
that the prominent quartz lineation (L2) was locally
modified by later D3 structures.

Fenitization, carbonate veining, brecciation and
minorfaultingdominate thesouthernexposures in the
Rosemarkie Inlier, but on the coastal section below
Learnie Farm these later brittle deformation effects
are minimal. Here, the banding/foliation strikes
mainly between NE and north, dips range from verti-
cal to moderately eastwards, and L2 plunges NE at
moderate angles (378 to 0508) (Fig. 4). L2 is co-linear
with the majorityof theF2 andF3 axes, as indicatedby
the distribution of poles to foliation/bedding.

Leucogranite textures

In thin section the foliated and lineated leucogranites
from Learnie Shore are dominated by quartz and
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feldspar ‘ribbons’, the latter being lenticular, typi-
cally measuring 8–12 mm long and 0.3–1 mm
wide in the S-L plane. The potash and plagioclase
feldspars are disaggregated and fragmented with
some sericitization and new quartz growth. In the
quartz ribbons grain-size reduction has occurred
giving rise to recrystallized aggregates 0.03–
0.6 mm across, that exhibit tessellate grain bound-
aries, strain shadows, fine inclusion trails and exten-
sive sub-grain development. Small ragged biotites,
in part altered to chlorite, in parts form discontinuous
trails marginal to the feldspar laminae. Ilmenite or
magnetite form irregular altered aggregates and
may have released iron to give the prominent pink
to red feldspar colouring. The ‘ribbons’ have
formed in response to the strong deformation with
the elongate feldspars now effectively being por-
phyroclasts. Thin sections cut normal to the lineation
show potash feldspar and plagioclase porphyroclasts
commonly 3–4 mm across. They show strain twin-
ning, embayed margins and locally marginal myr-
mekite development. The typical porphyroclast
size and dimensions of the ribbons suggest that the
leucogranite was originally a medium- or even
coarse-grained granite. The petrographic features
in the leucogranites are compatible with strong
deformation under lower amphibolite-facies con-
ditions. As the lineation clearly defines the stretching
direction (Ls), Rathbone (1980) measured the shapes
of the quartz aggregates in the deformed leucogra-
nite using them to define the principal planes of the

strain ellipsoid. Taking the quartz as initially
equant, a common circumstance in granites, he
obtained X:Y:Z values of 18:2.5:1. This strain is
prolate with a k value of 2.88 (Flinn 1962).

In parts the leucogranite shows an augen texture
with potash feldspars up to 1 cm across. Some appear
to reflect relic feldspar crystals but other have grown
during deformation and recrystallization. Although
some augen show d and s tails that imply a shear
sense, many have a neutral geometry. M. Stewart
(2004, pers. comm.) noted that the shear sense was
generally consistent within individual intrusions
and in the pink leucogranite sheets was generally
sinistral. In contrast the white muscovite-bearing
sheets generally had internal and marginal fabrics
implying a dextral shear sense. Stewart also recorded
that there was evidence of later more brittle dextral
shearing, generally focused at the margins of the
leucogranite veins and in the more pelitic units.
This deformation was accompanied by extensive
chlorite growth.

Cromarty Inlier

The Cromarty Inlier, measuring c. 9 km � 2.7 km,
lies immediately NE of the Rosemarkie Inlier, nest-
ling against the GGF (Fig. 1), and is similarly
onlapped by the late Eifelian sandstones and con-
glomerates. The inlier exposes variably siliceous
to micaceous psammites with subsidiary semi-
pelites, cut by garnet amphibolite bodies: the meta-
sedimentary lithologies have been assigned to the
Moine Supergroup (Rathbone & Harris 1980). The
pelitic units are garnetiferous and contain quartzo-
feldspathic segregations and white-mica aggregates
with sparse relict fibrolite and more rarely ragged,
strained kyanite blades (Rathbone & Harris 1980).
Thin quartzofeldspathic veins and porphyroblasts
and segregations of pink feldspar are common
and there is evidence of in situ mobilization of the
psammites and semipelites. Several dyke-like
masses of red pegmatitic granite of unknown age,
some over 6 m thick, cross cut the mafic and meta-
sedimentary rocks.

The structures in the Cromarty Inlier correlate in
part with those in the Rosemarkie Inlier. Rathbone
& Harris (1980) reported that a single early planar
fabric (S1–S2?) is folded by the dominant F3

folds. In the southern part of the inlier F3 axial
planes are sub-vertical and first trend NE–SW but
swing to E–W and then SE–NW at South Sutor
stacks (Fig. 2). F3 axes similarly plunge gently NE
and also swing to plunge moderately NW. In the
northern part of the inlier F3 axial traces trend
SE–NW and axial planes dip NE at c. 608. F3

axes plunge gently to moderately both NW and
SE. The folds have no consistent vergence and as
in the Rosemarkie Inlier, the F3 axes are curvilinear.

Fig. 4. Structural data from the Rosemarkie Inlier below
Learnie Farm (lower hemisphere projection).
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F4 folds are developed on several scales; their axes
plunge consistently NE and they have steeply
dipping axial planes.

Devonian rocks

At the SW end of the Rosemarkie Inlier is a thin,
wedge-shaped and fault-bounded sliver of early
Devonian Lower Old Red Sandstone (ORS) rocks
that is overlapped to the west by mid-Devonian
conglomerate (Fig. 2). The succession, termed the
Den Siltstone Formation by Fletcher et al. (1996),
consists of indurated breccio-conglomerates and
chocolate brown to green–grey siltstones and silty
sandstones. Lithologically, they are similar to the
Struie Group that crops out farther NW (Trewin &
Thirlwall 2002). The rocks dip moderately to very
steeply westwards, but are affected by small-scale
faulting with gouge commonly developed and
sub-horizontal slickensides locally present. The
bounding faults to this Lower ORS sequence
extend into the overlying mid-Devonian succession.

The Meall Fuar-mhonaidh Outlier

The Meall Fuar-mhonaidh Outlier exposes a c.
2 km-thick sequence of Lower ORS sandstones
and conglomerates and minor siltstones and mud-
stones (Fig. 5) (Mykura & Owens 1983). The fault-
bounded outlier measures 15 km long and c. 3 km
wide and lies adjacent to the GGF and Loch Ness,
some 32 km SW of the Rosemarkie Inlier (Fig. 1).
Mykura & Owens (1983) collected a siltstone
sample from the Drumbuie Burn by Drumnadrochit,
for palynological studies. This yielded fragmentary
plant material and miospores indicating a late
Emsian or early Eifelian age. The dominant lithol-
ogy is a red–brown to purple, micaceous sandstone
with thin mudstone partings and minor siltstone
and conglomerate interbeds. Thick units of pink to
red–brown, arkosic, gritty coarse-grained sandstone
occur in the southern part of the outlier and around
Urquhart Castle (Fig. 5). Prominent lenticular, units
of poorly sorted and unbedded conglomerate and
breccio-conglomerate, 50–400 m thick, interdigi-
tate with the sandstones. Moine psammites form
most of the conglomerate clasts with subordinate
semipelite, vein quartz, granite-gneiss, microgranite
and some locally derived sandstone. Conglomerate-
sandstone contacts are generally sharp and planar,
but at [NN 4620 2215] a large ‘flame’ structure is
developed; a 3–4 m wide septum of steeply
dipping silty sandstone penetrates the overlying
conglomerate for some 50 m.

At the NE end of the outlier near the top
of the succession lies the Creag Nay Conglome-
rate, a highly lensoid, clast-supported, breccio-
conglomerate unit, bounded on its eastern side by

a steep fault. It consists of large angular clasts of
psammite and pink to orange leucogranite in a
coarse-grained sandstone matrix. Mykura &
Owens (1983) interpreted the unit as the product
of a proximal debris flow derived from the east.

The Meall Fuar-mhonaidh sequence is folded
into a broad syncline with minor folds and steeper
dips developed in the SE part of the outlier closer
to the GGF (Fig. 5). Minor fold axes typically
plunge gently to the east and NE or to the west
and SW. Cross-section restorations show that
overall shortening across the outlier totals some
25%. At the southern end of the outlier Mykura &
Owens (1983) recorded that the Devonian rocks
have been thrust and faulted against brecciated cat-
aclastic Moine psammites. At NH 449 188 shattered
pebbly sandstones are separated from the under-
lying Moine psammites by a mylonite zone that
dips c. 258SE. Mykura & Owens (1983) also postu-
late a thrust at the Devonian-Moine boundary
immediately north of Loch a’Bhealaich to explain
its sinuous nature and the steep dips in the over-
lying conglomerates and sandstones. The north-
western boundary of the outlier is unexposed but
its overall orientation suggests that it is a steeply
dipping NE-trending fault. Faults in the outlier
generally trend north and NE and postdate the
folding and thrusting.

The succession preserved in the Meall Fuar-
mhonaidh Outlier represents a fluviatile and lacus-
trine sequence, rapidly deposited in late Emsian
times in a restricted rift basin with marginal alluvial
fans (Mykura & Owens 1983). Contractional defor-
mation linked to movements along the GGF may
have overlapped the later stages of sedimentation,
and subsequently generated folding, localized thru-
sting, and faulting in the outlier. The structural pat-
tern is compatible with a positive flower structure
linked to sinistral transpression along the GGF.

Geochronology

Previous studies

Rathbone (1980) reported strongly discordant
zircon U–Pb data defining a chord with a lower
intercept at 384 Ma from a leucogranite vein
below Learnie [NH 766 618]. The bulk zircon frac-
tions were analysed by R. A. Cliff at Leeds Univer-
sity and consisted of old grains, neocrystalline
grains, and composite grain cores and rims. The
data were obtained when zircons were not processed
to reduce the effects of lead loss, and hence this age
likely underestimated the true age of new zircon
growth. The leucogranites were interpreted as
deformed by a D2 event that was correlated directly
with the deformation sequence seen in the Moine
succession. Hence, as the rocks were altered and
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lay adjacent to the GGF the lower intercept age
was discounted as due to subsequent leaching and
consequent lead loss.

Sampling and analytical techniques

For this study four samples of leucogranite and two
of adjacent thinly banded hornblendic felsic
gneisses were collected from the shore section

below Learnie Farm (Fig. 3a). Zircon and monazite
were recovered from the c. 3 kg samples using
standard crushing, heavy liquid and isodynamic
magnetic separation techniques. Zircons from
two leucogranite samples were not analysed as
the grains proved insufficiently robust to survive
either air or chemical abrasion due to abundant
cracks and probable high U contents. Sample
location grid references are given in Tables 1 and 2.

Fig. 5. Geological map of the Meall Fuar-mhonaidh Outlier showing its stratigraphy and structure (modified
after Mykura & Owens 1983).
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Table 1. Zircon and monazite U–Pb ID-TIMS data for samples GX 1731, 1732

Concentrations† Atomic ratios Ages (Ma)

Fractions* Weight
(mg)

U
(ppm)

Pb
(ppm)

Common
Pb (pg)

206Pb/
204Pb‡

208Pb/
206Pb§

206Pb/
238U§

err 207Pb/
235U§

err 207Pb/
206Pb§

err 206Pb-
238U

207Pb-
235U

207Pb-
206Pb

rk

GX 1731 Leucogranite [NH 7620 6124]
1. zr, cl-pbr, 5:1, abr, 50–70 mm (13) 4.4 647.0 46.67 11.2 1042 0.1844 0.0642403 0.67 0.4829 0.80 0.05452 0.35 401.4 400.1 392.5 0.90
2. zr, pbr, 4:1, abr, 80–100 mm (2) 7.7 724.0 49.48 16.4 1351 0.1636 0.06315 0.34 0.4827 0.53 0.05544 0.39 394.8 399.9 429.9 0.67

GX 1734 Leucogranite [NH 7641 6144]
3. mo, 2:1 eu, 80 mm (1) 1.0 1325 1286 5.3 1026 16.24 0.06417 0.52 0.4778 0.56 0.05401 0.21 400.9 396.6 371.4 0.93
4. mo, 2:1, eu, 90 mm (1) 1.3 935.0 977.0 7.4 683.3 17.5 0.06434 0.56 0.4783 0.66 0.05392 0.33 401.9 396.9 367.7 0.87
5. mo, 2:1, sub, 80 mm (1) 1.0 870.0 690.0 5.9 623.6 12.86 0.06492 0.77 0.4835 0.82 0.05401 0.29 405.5 400.5 371.5 0.93
6. mo, 1:1 eu, 70 mm (1) 1.2 850.0 1157 4.7 903.9 23.23 0.06410 0.35 0.4795 0.48 0.05425 0.33 400.5 397.7 381.3 0.74

* mo, monazite; zr, zircon; l:w aspect ratio; abr, air abraded; eu, euhedral; sub, subhedral; cl, colourless; pbr, pale brown; length (mm); (x) ¼ number of grains analysed.
† Maximum errors are+20%. Weights were measured on a Cahn C32 microbalance or calculated from grain dimensions measured on binocular microscope photos.
‡ Measured ratio corrected for mass fractionation and common Pb in the 205Pb/235U spike.
§ Corrected for mass fractionation, spike, laboratory blank Pb and U, and initial common Pb (Stacey & Kramers 1975; calculated at 400 Ma).

The laboratory blank Pb composition is 206Pb/204Pb:207Pb/204Pb:208Pb/204Pb ¼ 17.46:15.55:37.32. Quoted errors are 2s (% for atomic ratios, absolute for ages).
k 207Pb/235U – 206Pb/238U error correlation coefficient calculated following Ludwig (1993).
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Table 2. Zircon U–Pb LA-MC-ICP-MS data for samples GX1731, 1732, 1737

Concentrations* Atomic ratios† Ages§ (Ma)

Analysis U
(ppm)

Pb
(ppm)

206Pb/
238U

err 207Pb/
235U

err 207Pb/
206Pb

err r‡ 206Pb/
238U

err 207Pb/
235U

err 207Pb/
206Pb

err Conc.
age

Err
(MSWD)

GX 1731 Leucogranite [NH 7620 6124]
1731-1 664 179 0.3030 0.8 4.425 0.8 0.1059 0.1 0.99 1717 24 1706 13 1730 3
1731-2 365 108 0.3234 0.7 4.747 0.7 0.1064 0.1 0.98 1776 21 1807 12 1739 5
1731-3 295 127 0.4725 0.8 11.46 0.9 0.1759 0.4 0.91 2562 33 2495 16 2615 12
1731-4 267 108 0.4552 0.9 10.91 1.0 0.1738 0.4 0.92 2515 35 2418 18 2595 12
1731-5 150 63.4 0.4490 0.9 11.02 0.9 0.1780 0.2 0.99 2525 35 2391 17 2635 5
1731-6 80.8 33.4 0.4486 1.4 10.99 1.4 0.1777 0.3 0.98 2523 55 2389 26 2632 9

GX 1732 Hornblende-biotite felsic gneiss [NH 7620 6124]
1732-1 17.8 9.6 0.5603 0.9 15.68 1.1 0.2030 0.7 0.81 2858 43 2868 21 2851 22 2854 20 (0.5)
1732-2 31.7 16.7 0.5610 0.9 15.90 1.0 0.2056 0.4 0.90 2871 40 2871 18 2871 14 2871 14 (,0.1)
1732-3 18.6 7.8 0.4390 0.8 12.05 1.1 0.1991 0.8 0.73 2608 31 2346 20 2819 25
1732-4 61.5 31.8 0.5498 0.9 15.63 1.0 0.2062 0.2 0.97 2855 42 2824 18 2876 7
1732-5 51.6 26.7 0.5536 0.9 15.64 1.0 0.2049 0.3 0.96 2855 42 2840 18 2866 9 2864 11 (0.5)
1732-6 13.2 6.3 0.5161 1.0 14.51 1.3 0.2039 0.9 0.74 2784 43 2683 25 2858 29
1732-7 9.3 4.5 0.5225 1.0 13.92 1.6 0.1932 1.2 0.63 2744 45 2710 30 2770 41
1732-8 37.7 18.7 0.5413 0.8 15.02 0.9 0.2013 0.4 0.91 2817 36 2789 17 2836 12
1732-9 28.9 15.1 0.5533 0.8 15.46 1.0 0.2026 0.5 0.87 2844 38 2839 18 2847 15 2837 16 (1.2)
1732-10 26.8 14.3 0.5701 0.9 16.70 1.0 0.2125 0.4 0.89 2918 40 2908 18 2925 14 2923 15 (0.6)
1732-11 22.4 11.8 0.5487 0.8 15.28 0.9 0.2019 0.5 0.83 2833 35 2820 18 2842 17 2831 13 (5.9)
1732-12 61.1 32.5 0.5615 0.7 16.02 0.7 0.2070 0.2 0.95 2878 33 2873 14 2882 8 2881 10 (0.3)
1732-13 16.5 7.9 0.5087 0.8 14.09 1.1 0.2008 0.7 0.75 2756 36 2651 21 2833 24
1732-14 76.4 40.5 0.5492 0.9 15.92 0.9 0.2102 0.2 0.98 2872 40 2822 17 2907 6
1732-15 29.0 14.6 0.5329 0.8 14.78 0.9 0.2012 0.4 0.88 2801 37 2753 18 2836 14
1732-16 45.6 24.1 0.5666 0.8 15.78 0.9 0.2020 0.3 0.94 2864 37 2894 16 2842 9
1732-17 13.5 7.2 0.5754 0.9 15.78 1.3 0.1989 0.8 0.76 2864 44 2930 24 2817 27
1732-18 125 64.1 0.5596 0.8 15.80 0.8 0.2047 0.2 0.98 2865 38 2865 16 2864 5 2864 8.3 (,0.1)
1732-19 75.6 35.3 0.5166 1.5 14.06 1.5 0.1974 0.2 0.99 2754 64 2685 28 2805 7
1732-20 43.7 20.9 0.5251 1.1 14.13 1.2 0.1951 0.4 0.95 2758 50 2721 22 2786 12
1732-21 72.5 33.5 0.4974 0.9 13.46 0.9 0.1963 0.2 0.96 2713 37 2603 17 2796 8
1732-22 103 54.6 0.5789 1.0 17.04 1.0 0.2135 0.2 0.99 2937 48 2944 20 2932 5 2933 7.1 (0.9)
1732-23 109 52.4 0.5415 1.0 14.78 1.0 0.1980 0.2 0.99 2801 47 2790 20 2809 6 2809 8.7 (0.7)
1732-24 55.2 29.3 0.5590 1.1 15.85 1.2 0.2056 0.2 0.98 2868 53 2863 22 2871 8 2871 12 (0.1)

(Continued)
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Table 2. Continued

Concentrations* Atomic ratios† Ages§ (Ma)

Analysis U
(ppm)

Pb
(ppm)

206Pb/
238U

err 207Pb/
235U

err 207Pb/
206Pb

err r‡ 206Pb/
238U

err 207Pb/
235U

err 207Pb/
206Pb

err Conc.
age

Err
(MSWD)

1732-25 40.3 20.3 0.5507 0.9 15.27 1.0 0.2012 0.3 0.94 2832 42 2828 19 2836 11
1732-26 30.1 16.4 0.5863 0.8 16.75 0.9 0.2073 0.4 0.89 2921 38 2974 17 2884 13
1732-27 86.3 43.8 0.5634 1.1 15.34 1.1 0.1975 0.3 0.96 2837 49 2881 21 2806 10
1732-28 31.1 16.8 0.5923 0.8 16.87 0.9 0.2066 0.4 0.90 2927 39 2999 17 2879 13
1732-29 20.5 10.7 0.5701 0.9 15.85 1.1 0.2016 0.6 0.85 2868 42 2908 20 2839 18
1732-30 42.2 21.3 0.5521 0.8 15.50 0.8 0.2036 0.3 0.92 2846 34 2834 15 2855 10 2852 12 (1.3)
1732-31 95.3 40.4 0.4585 1.0 12.45 1.0 0.1969 0.2 0.98 2639 39 2433 18 2801 7
1732-32 22.1 9.0 0.4440 1.3 11.89 1.5 0.1942 0.7 0.88 2596 52 2369 27 2778 23
1732-33 103 50.9 0.5400 1.1 14.84 1.2 0.1993 0.2 0.99 2805 51 2783 22 2820 6 2819 8.8 (0.16)
1732-34 130 63.2 0.5093 1.1 13.86 1.1 0.1974 0.2 0.99 2740 48 2654 21 2805 5

GX 1737 Hornblende-biotite felsic gneiss [NH 7649 6155]
1737-1 83.5 33.9 0.4345 1.2 10.71 1.3 0.1788 0.5 0.92 2499 47 2326 24 2642 17
1737-2 85.2 31.3 0.3998 1.2 8.007 1.4 0.1453 0.7 0.89 2232 46 2168 25 2291 22
1737-3 272 104 0.4183 1.1 9.533 1.1 0.1653 0.2 0.98 2391 42 2253 20 2511 8
1737-4 349 159 0.4947 1.2 12.81 1.2 0.1878 0.1 0.99 2666 50 2591 22 2723 5
1737-5 168 43.9 0.2882 1.2 4.153 1.3 0.1045 0.6 0.87 1665 33 1632 22 1706 24
1737-6 353 102 0.3183 1.1 5.275 1.1 0.1202 0.4 0.94 1865 34 1782 19 1959 13
1737-7 478 214 0.4893 1.1 12.00 1.1 0.1779 0.1 0.99 2605 47 2568 21 2634 4
1737-8 362 163 0.5029 1.1 13.09 1.1 0.1887 0.2 0.99 2686 47 2626 21 2731 6
1737-9 196 73.0 0.4088 1.1 9.138 1.1 0.1621 0.3 0.95 2352 40 2209 20 2478 12
1737-10 264 93.2 0.3907 1.2 9.154 1.3 0.1699 0.4 0.95 2354 43 2126 23 2557 13
1737-11 84.7 33.9 0.4339 1.2 10.67 1.3 0.1784 0.6 0.89 2495 46 2323 24 2638 20
1737-12 147 50.7 0.3809 1.8 8.014 1.9 0.1526 0.5 0.97 2233 64 2080 33 2375 16
1737-15 315 140 0.4943 1.2 12.46 1.3 0.1828 0.3 0.97 2640 52 2589 24 2678 11
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1737-16 119 48.3 0.4479 1.2 10.40 1.3 0.1684 0.4 0.95 2471 48 2386 23 2542 13
1737-17 127 51.1 0.4328 1.2 10.01 1.3 0.1677 0.5 0.93 2435 47 2318 24 2534 16
1737-18 223 104 0.5042 1.1 13.45 1.1 0.1935 0.2 0.98 2712 47 2632 21 2772 7
1737-19 216 82.2 0.4161 1.1 9.086 1.2 0.1584 0.4 0.95 2347 42 2243 21 2438 12
1737-20 118 35.8 0.3344 1.2 6.711 1.3 0.1455 0.6 0.89 2074 38 1860 23 2294 21
1737-21 234 91.1 0.4437 1.3 10.92 1.3 0.1785 0.3 0.97 2516 50 2367 24 2639 10
1737-22 125 47.1 0.4299 1.3 10.24 1.5 0.1728 0.7 0.87 2457 50 2305 27 2585 24
1737-23 302 84.1 0.3072 1.3 4.604 1.4 0.1087 0.5 0.93 1750 38 1727 22 1778 19
1737-24 63.7 31.0 0.5304 1.2 13.92 1.3 0.1903 0.5 0.92 2744 54 2743 25 2745 17 2745 17 (,0.1)
1737-25 108 47.1 0.4741 1.2 11.32 1.3 0.1732 0.4 0.94 2550 49 2502 23 2588 14
1737-26 99.8 49.0 0.5397 1.1 14.48 1.2 0.1945 0.4 0.95 2781 51 2782 22 2781 12 2781 13 (,0.1)
1737-27 152 62.3 0.4467 1.3 11.18 1.3 0.1815 0.3 0.97 2538 50 2380 24 2667 11
1737-28 199 95.9 0.5256 1.3 13.58 1.3 0.1874 0.2 0.98 2721 57 2723 25 2719 8 2719 10 (,0.1)
1737-29 449 218 0.5163 1.3 13.81 1.3 0.1939 0.1 0.99 2736 56 2684 24 2776 4
1737-30 255 126 0.5309 1.1 13.84 1.1 0.1892 0.2 0.99 2739 50 2745 21 2735 6 2735 9 (0.16)
1737-31 97.6 41.6 0.4535 1.2 11.29 1.3 0.1806 0.4 0.94 2547 50 2411 24 2658 15
1737-32 109 46.7 0.4621 1.1 11.50 1.2 0.1804 0.4 0.94 2564 45 2449 22 2657 14
1737-33 281 101 0.3832 1.2 8.997 1.3 0.1703 0.3 0.98 2338 44 2091 23 2561 9
1737-34 168 72.8 0.4636 1.2 11.43 1.3 0.1788 0.4 0.95 2559 51 2456 24 2641 14
1737-35 44.5 13.8 0.3296 1.2 5.123 2.0 0.1127 1.6 0.58 1840 37 1837 33 1844 59
1737-36 107 49.0 0.4852 1.2 12.37 1.3 0.1849 0.4 0.95 2633 51 2550 24 2697 14
1737-37 216 38.2 0.1901 1.2 2.710 1.9 0.1034 1.5 0.62 1331 25 1122 28 1686 56
1737-38 110 33.3 0.3244 1.3 4.839 1.5 0.1082 0.8 0.86 1792 41 1811 25 1769 28
1737-39 101 30.2 0.3185 1.1 4.731 1.4 0.1077 0.8 0.80 1773 35 1782 23 1761 31
1737-40 68.0 32.3 0.5075 1.2 12.91 1.3 0.1846 0.5 0.91 2673 50 2646 24 2694 17
1737-41 201 93.9 0.4990 1.2 12.49 1.2 0.1815 0.2 0.98 2642 51 2610 22 2666 8
1737-42 118 33.0 0.3060 1.2 4.467 1.5 0.1059 0.8 0.84 1725 37 1721 24 1730 29

*Errors are c. +10%.
†Measured ratios not corrected for common Pb.
‡207Pb/235U–206Pb/238U error correlation coefficient calculated following Ludwig (1993).
§Age errors quoted at the 1s level. Concordia ages and goodness of fit expressed as MSWD were calculated using Ludwig 2003.
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Mineral grains selected for TIMS analysis and
zircons for LA-MC-ICP-MS analysis were hand-
picked under ethanol and only the highest quality
crack-free grains were chosen. Cathodolumines-
cence images of the main types of zircon grains in
the leucogranite and gneisses are shown in
Figure 6. Zircons selected for TIMS analysis were
abraded following Krogh (1982) to reduce Pb loss.
All minerals selected for TIMS analysis were
washed in distilled 2N HNO3 at c. 60 8C and ultra-
pure water, spiked with a 205Pb/235U tracer and
dissolved in ultra-pure acids, and processed

through chemistry following Krogh (1973) with
modifications described by Corfu & Noble (1992).
Data were mainly obtained on a VG 354 mass spec-
trometer fitted with an ion-counting Daly detector,
with some data obtained on a Triton mass spec-
trometer using an ion-counting secondary electron
multiplier. Procedural blanks were ,10 pg and
,0.1 pg for Pb and U, respectively. Raw data
were reduced using PbDat (Ludwig 1993). The
common Pb isotope composition used in data
reduction was estimated using the two-stage model
of Stacey & Kramers (1975).

Fig. 6. Cathodoluminescence images. (a) Acicular zircon (leucogranite – GX 1731) showing oscillatory zoning and
high U (low CL) tip, (b) xenocrystic zircon (leucogranite – GX 1731) showing remnants of a now recrystallized primary
zircon surrounded by a metamorphic zircon rim, (c) and (d) complex zoned zircons (gneiss – GX 1732) showing a
possible primary zircon outline and embayed surface (c) and completely recrystallized internal structure (d), (e) and (f)
chemically abraded complex zoned zircons; the conjoined grains both give ages of c. 1740 Ma (gneiss – GX 1737).
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Zircons from the samples GX 1732 and 1737
were selected for analysis by LA-MC-ICP-MS and
subjected to chemical abrasion (CA) following
Mattinson (2005), as this has been shown to
improve concordance of the ablated minerals (M.
Horstwood. pers. comm. 2006). The grains were
annealed at 900 8C for 60 h and then leached at
180 8C in 29M HF for 10 h to remove domains that
could contribute to Pb loss. Zircons from sample
GX1732 were not significantly affected; whereas
some GX1737 grains were reduced in volume by
up to c. 30% (see Fig. 6e). The zircons were then
mounted in 25 mm diameter epoxy resin discs and
polished to remove c. 40% of the grain thicknesses
to yield cross sections. Grains were imaged in back-
scatter electron (BSE) and cathodoluminescence
(CL) modes using a scanning electron microscope
(SEM) to examine the zircon internal zonation,
thus allowing selection of appropriate areas for
laser ablation analysis. Data were obtained on a Nu
HR MC-ICP-MS using analytical protocols based
on Horstwood et al. (2003). Raw data were red-
uced using an in-house Excel spreadsheet. TIMS
and MC-ICP-MS reduced data were plotted using
Isoplot (Ludwig 2003). Sample information and
U–Pb data are summarized in Tables 1 and 2, and
plotted on Figure 7. TIMS errors in the data tables
and plotted on concordia diagrams are quoted at
the 2s level.

Results

Two distinctive zircon morphologies were recog-
nized in the leucogranites. Stubby, internally
complex-zoned, faceted to rounded, partly resorbed
zircons were the most abundant type, but well-
faceted, acicular zircons were also present (see
Fig. 6). Titanite was the principal secondary
U-bearing accessory phase in the leucogranites,
except in GX 1734 where monazite was present.

The acicular zircons typically have large aspect
ratios, up to 10:1, and show strong oscillatory com-
positional zoning, visible both under the binocular
microscope and by CL (Fig. 6a). Cores occur in all
but the smallest acicular grains. U contents in the
acicular zircons are relatively high (c. 700 ppm,
Table 1) with the highest U-zones (grey low CL
areas – Fig. 6a) occurring at the grain tips. Multi-
grain fractions of acicular zircons from sample GX
1731 were selected for analysis by TIMS to con-
strain the emplacement age of the leucogranites.
Each fraction comprised abraded small grains,
,50 mm long, exhibiting only simple oscillatory
zoning. Given their small size and delicate elongate
form, the grains were only lightly abraded, making
total elimination of Pb-loss difficult. Additional
analyses using CA-TIMS were not pursued as the
high-U domains that best represent new zircon

growth during leucogranite emplacement and
crystallization would have been removed during
the preliminary leaching steps.

Monazite was found only in leucogranite
sample, GX 1734, where it forms sharply faceted
greenish-yellow euhedral crystals and crystal frag-
ments up to 100 mm long. Fe-oxide inclusions are
common in most of the monazite grains but only
inclusion-free crystals were selected for analysis.
This high quality monazite is considered to be the
most reliable and preferred mineral for dating
the leucogranite crystallization at Rosemarkie.
Although zircon is abundant in the leucogranites,
its near ubiquitous inheritance is a serious impedi-
ment to achieving concordant TIMS ages. A
similar problem has previously been noted in Hima-
layan leucogranites (e.g. Noble & Searle 1995).

One acicular zircon fraction from sample GX
1731 is reversely discordant but overlaps the con-
cordia curve, yielding a concordia age (Ludwig
2003) of 400.8 + 2.6 Ma (Fig. 7a). The second
zircon fraction is normally discordant and slightly
younger than 400 Ma. Its position on the concordia
plot is consistent with Pb-loss coupled with a small
amount of inherited older zircon present.

The monazite data are slightly reversely discor-
dant, which results from excess 206Pb, as is normally
found in pristine monazite that does not show
Pb-loss (Schärer 1984). The data spread along con-
cordia but all four analyses overlap within error
(Fig. 7a). The crystallization age is best constrained
by the average monazite 207Pb/235U age of
397.6 + 2.2 Ma based on all of the data
(MSWD ¼ 1.4). This age is consistent with the con-
cordia age obtained from the GX 1731 acicular
zircons.

The more equant, multi-faceted zircons from
sample GX 1731 and zircons with similar mor-
phology from the gneisses GX 1732 and 1737
share the same general internal compositional
zoning characteristics, as revealed by CL imaging.
Normal igneous oscillatory zoning is absent and
most grains show broad bands of contrasting lumi-
nescence (e.g. Fig. 6b, c). Some internal zones
have boundaries that suggest original crystal faces
and resorption features (Fig. 6b, c) or vague
primary compositional zoning (Fig. 6c). However,
for the most part the textures indicate complete
internal recrystallization with weak sector (e.g.
Fig. 6d) or chaotic zoning (e.g. Fig. 6e) being
the most pronounced features. Sample GX 1737
also has a number of intergrown and completely
recrystallized zircons (Fig. 6f). These textures
are characteristic of rocks known to have been
metamorphosed under granulite-facies conditions
(Corfu et al. 2003), attesting to a high-grade meta-
morphic history for the Rosemarkie gneisses.
Similar textures have been noted in zircons from
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the high-metamorphic grade gneisses from the
mainland and offshore Lewisian Gneiss Complex
(Corfu et al. 1998; Whitehouse & Bridgwater 2001;
Love et al. 2004).

LA-MC-ICP-MS data from these complex zoned
zircons are listed in Table 2 and summarized in
Figure 7b. Data were obtained from the cores of
the zircons, and in general only a single compo-
sitional zone was sampled. In a few instances the
pit (c. 25 mm diameter) did sample across several
compositional zones but there was no significant
difference in isotope ratio or calculated age. Three
main observations can be drawn from the data:
sample GX 1732 is an Archaean gneiss; sample
GX 1737 contains Archaean zircons that are dis-
tinctly younger than GX 1732; sample GX 1737
experienced new zircon growth or complete meta-
morphic resetting during the Palaeoproterozoic.

Zircon analyses from sample GX 1732 plot
mainly as concordant to reversely discordant,
giving ages between 2932 + 8 Ma and 2808 +
9 Ma. The older concordant analyses are from
grains with central regions preserving vestiges of
oscillatory zoning within euhedral grain outlines,
surrounded by the broad banding. The younger con-
cordant analyses are from zircons with broad sector
and fir-tree zonation or from grains with roughly
homogeneous and low CL. This age pattern suggests
that the gneiss formed either from an igneous proto-
lith emplaced at c. 2900 Ma with subsequent meta-
morphism, or at c. 2800 Ma under high-grade
metamorphic conditions with c. 2900 Ma inheri-
tance. The age of granulite-facies metamorphism
certainly extended to c. 2800 Ma, by which time
many of the zircons had undergone significant
recrystallization.

The reversely discordant GX 1732 grains have
similar 207Pb/206Pb ages to the concordant grains,
correlating with ablations from low CL regions
dominated by broad sector or chaotic zoning. In
contrast, the normally discordant data do not corre-
late with a particular CL texture. These zircon data
form an array consistent with the main period of
Pb-loss occurring between 0 and 400 Ma, and do
not show evidence of Proterozoic Pb-loss (see
Fig. 7b).

Sample GX 1737 has Archaean zircons that show
the affects of significant Pb-loss or new zircon
growth in the Palaeoproterozoic. Unlike GX 1732,
none of the Archaean zircons in this rock show
reverse discordance. Concordia ages range from
2781 + 13 Ma to 2719 + 10 Ma, indicating a
younger protolith age than GX 1732. The discordant,
largely Archaean grains fall in an array towards
c. 1750 Ma (Fig. 7b). A second Pb-loss array is
outlined by concordant to moderately discordant
analyses. A regression through these data (see
Table 2) yields an upper intercept age of

1746 + 31 Ma with a lower intercept anchored at
the GX 1734 monazite age of 398 Ma (MSWD ¼
2.6). An unconstrained regression yields intercepts
of 1740 + 16 Ma and 233 þ140/2150 Ma
(MSWD ¼ 2.0). The data and CL textures are
consistent with the gneiss being generated from an
Archaean protolith and metamorphosed under
granulite- or upper amphibolite-facies conditions
between c. 2780 and 2720 Ma, followed by further
upper amphibolite-facies metamorphism during
pervasive Laxfordian reworking at c. 1745 Ma.

Finally, the cores of a few rounded zircons from
sample GX 1731 were analysed by LA-MC-ICP-MS
merely to determine the nature of inheritance in the
leucogranite. Both Archaean age and c. 1700 Ma
grains were observed, consistent with their deri-
vation from the adjacent Proterozoic-Archaean
gneisses of the inlier.

Implications of dating

The zircon U–Pb data from the two felsic and mafic
gneisses sampled in the Rosemarkie Inlier clearly
show their Lewisianoid affinity. Protolith ages for
GX 1732 range from c. 2930 Ma to 2810 Ma, with
evidence of a granulite- or upper amphibolite-facies
metamorphic overprint at c. 2810 Ma. GX 1737
shows younger protolith ages between 2780 Ma
and 2720 Ma with evidence of Laxfordian recrystal-
lization at c. 1745 Ma. Friend et al. (2008) presented
similar Archaean ages for the Borgie, Farr and
Ribigill Lewisianoid inliers of north Sutherland.
The variability of ages shown by the Rosemarkie
samples is surprising given their proximity. It
suggests the inlier contains structurally interleaved
slivers that represent different parts of the Lewisia-
noid basement to the Moine succession. Interleaving
of Moine and Lewisianoid rocks occurred prior to
emplacement of the leucogranites and the sub-
sequent ‘D2’ event. The planar nature of the fabric
and basement-cover contacts and lack of small- or
medium-scale F1 folding suggests that this inter-
leaving represents part of a ‘D1’ ductile shear zone
(see Harris 1978).

The U–Pb TIMS zircon and monazite ages of
401 Ma and 398 Ma respectively obtained from the
two leucogranite samples date their emplacement
as late Emsian. Taking an average value of 399 Ma
for leucogranite vein intrusion, and given that the
inlier was unconformably overlain by conglomerate
and sandstones by late Eifelian times at c. 393 Ma
(Marshall et al. 2007), exhumation of the inlier and
related deformation are restricted to some 6 million
years. Leucogranite deformation textures, meta-
morphic assemblages in the Moine pelitic rocks,
and the fabrics and fold geometries now exposed
are all indicative of mid-crustal levels. Hence,
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c. 12–15 km uplift apparently occurred in a maxi-
mum time frame of 6 million years. However,
given that this period included planation of the topo-
graphy and generation of the overlying erosional
surface, 4 to 5 million years would be a more realistic
estimate. Implied exhumation rates for the Rose-
markie Inlier thus range from 2 mm/a to about
4 mm/a. The early Devonian Lower ORS succes-
sion is present on the NW side of the GGF but
absent from its immediate SE side except offshore.
However, outliers of Lower ORS rocks are present
farther east in the Grampian Highlands and there is
little apparent difference in topographical level of
the basal unconformity across the GGF. Hence the
Rosemarkie Inlier has apparently behaved as an
extruded, constricted, elongate ‘pip’ linked to sinis-
tral transcurrent movements on the GGF.

We now review the available structural and strain
data and the regional structure to try and explain
the evolution of the Rosemarkie Inlier, particularly
with respect to the history of the adjacent GGF.

Structural model

The local structure of the Learnie shore section is
described above and the foliation and lineation
orientations shown in Figure 4. The foliations
strike NE, orientated some 88 clockwise of the
trend of the GGF, and dip moderately to steeply
NW. The only measured strain values from the
inlier indicate a strongly constrictional strain (Rath-
bone 1980) with a k value of 2.88. This obliquity of
foliation, NE-plunging stretching lineation, and
related D2–D4 prolate strain, suggest a strong com-
ponent of transpression or transtension (e.g. Sander-
son & Marchini 1984; Dewey et al. 1998; Fossen &
Tikoff 1998). Given the proximity of the GGF and
localized nature of the uplift this seems a likely
circumstance. Oblate to plane strains are more
generally characteristic of transpression, whereas
prolate to plane strains are more typically developed
in transtension (Tikoff & Teyssier 1994; Jones et al.
2004). Although both types of deformation can give
rise to steeply dipping fabrics, they are more com-
monly developed in transpression. Steeply dipping
lineations generally form during transpression,
whereas shallow dipping, commonly horizontal
lineations are typical of most transtensional situ-
ations (see Fossen & Tikoff 1998; Krabbendam &
Dewey 1998). In the Rosemarkie Inlier the steeply
dipping foliation, moderately dipping lineation
(378 to 0508), and documented rapid uplift are
compatible with transpression but not with trans-
tension. The boundary conditions in effect require
that the inlier is extruded, an unreasonable circum-
stance for a regional strain field, but plausible in
small domains. It is proposed that the inlier
formed at a restraining bend of the GGF due to a

fault step-over to the NW that developed in mid-
Devonian times. The fault geometry and the internal
structure of the inlier indicate that transpressional
uplift accompanied significant sinistral lateral
movements on the GGF.

Theoretical transpressional deformation models
and field examples on several scales have been
amply documented (e.g. Robin & Cruden 1994;
Lin et al. 1998; Jones et al. 2004). Although
specific cases can be modelled, most authors have
found it difficult to describe the transpressional
deformation fully, even in specific well-documented
geological examples. The variations in boundary
conditions, convergence angles, vorticity, strain
and fabric development, strain rates, and the
common occurrence of strain partitioning, all
impose limits on the accuracy of the model (Robin
& Cruden 1994; Jones & Tanner 1995; Lin et al.
1998). In the Rosemarkie Inlier the bounding
faults are either unexposed or have been reactivated
subsequent to mid-Devonian deformation and
uplift; brittle deformation and alteration affect
much of the exposed section. However, the struc-
tural geometry, strong prolate strain and poorly
developed and apparently contradictory kinematic
indicators seen in the Learnie shore section do
constrain the possible transpressional models.
Tikoff & Fossen (1999) provided 12 reference
three-dimensional (3D) deformation models appli-
cable to thrust and transpressional/transtensional
deformation. The Rosemarkie deformation features
and prolate strain fit well in the widening shear or
widening/shortening shear categories, dominated
by vertical or possibly oblique extrusion. Robin &
Cruden (1994) described transpressional shear
zones from Canada and Sweden and derived
dynamic theoretical models of the stress and strain
distribution in a vertical transpression zones.
Again, the Rosemarkie Inlier would fit well as a
sinistral transpressive zone with a strong ‘Press’
(i.e. vertical or steep extrusion) component. One is
left to speculate as to whether the inlier was
extruded with fixed bounding faults or became
thinner as extrusion occurred. Oblique transpression
models introduce further complications, particularly
with regard to strain and vorticity variations, both
across the zone and at different vertical levels (see
Robin & Cruden 1994, fig. 12).

Searle et al. (1998) documented transpressional
tectonics along the dextral Karakoram Fault Zone
in Ladakh where a fault splay gives rise to a restrain-
ing bend. The resulting inlier (the Pangong Range),
which consists of Cretaceous-age migmatitic and
high-grade metamorphic ortho- and paragneisses
(Searle et al. 2010), was exhumed between 18 and
11 Ma. Leucogranite bodies (Tangtse Granite)
were intruded at the start of transpression and
show S–C fabrics and a prominent lineation that
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plunges 208 to the NW. Searle et al. (1998) used the
offset of geological features and the lineation orien-
tation to conclude that lateral slip totalled 56 km and
vertical exhumation some 20 km during this c. 7 Ma
Miocene event, giving average lateral slip rates of
8.3 mm/a and vertical uplift rates of 3.0 mm/a.

If we take the strain values obtained by Rathbone
(1980) as representative of the deformation during
transpressional uplift of the Rosemarkie Inlier,
then we can obtain a crude estimate of the
amounts of uplift and lateral movement. We must
assume that:

1. the strongly deformed leucogranites were
emplaced at the start of deformation, as
suggested by the field relationships;

2. the strain is representative of the inlier as a
whole;

3. the inlier is 2 km wide.

Approximating the inlier as a simple prolate ellip-
soid and restoring it to an unstrained state (Fig. 8)
implies uplift of c. 15 km and sinistral displacement
of c. 29 km. Despite the admitted simplicity of
the assumptions (see above), these values are of a
sensible order and compatible with the structural
and metamorphic state at the current level of
outcrop. They fit with the structural and geochrono-
logical evidence that the Rosemarkie Inlier was
extruded obliquely as a rising but deforming body
(elongate ‘pip’) coeval with a 4–6 million year
mid-Devonian transpressional event. Lateral slip
rates of 4.8–7.25 mm/a and vertical uplift rates of
2.3–3.65 mm/a are implied. These rates are of the
same order as those reported from the Yammouneh
and related faults in the Lebanon (Butler et al.
1998; Gomez et al. 2007), but less than those

reported from major plate-bounding strike-slip
fault zones such as the Alpine Fault in New
Zealand (Walcott 1998) or the Karakoram Fault
(see above).

The Cromarty Inlier possibly represents a further
‘pip’ that was exhumed from somewhat shallower
crustal levels, implying that the restraining bend
developed on the GGF but was partitioned into
blocks by linking faults, perhaps indicating that
step-overs developed sequentially to the NE as
sinistral movements occurred. Similarly, the fault-
bounded sliver of Lower ORS rocks that lies adja-
cent to the Precambrian rocks of the Rosemarkie
Inlier on its southwestern side (Fig. 2) appears to
represent only limited uplift during transpression.

Discussion

Tectonic implications

Transpressional uplifts are a well-documented
phenomenon linked to restraining bends in strike-
slip fault zones. The Rosemarkie Inlier is a good
small-scale example of a sharp restraining bend
within a cratonic strike-slip fault system based on
older crustal faults and removed from active plate
boundaries. Mann (2007) provided an extensive
overview and classification of restraining and
releasing bends related to active and ancient strike-
slip fault systems. He noted that the bends act as
‘concentrators’ of intraplate stresses and the
related uplifts affect relatively small rhomboidal
step-over areas. Such bends are typically short-lived
as they are bypassed by subsequent faulting or
become extinct with continuing lateral movement.

Fig. 8. Strain modelling, see text for details.
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Examples of small-scale focused uplift have been
reported from the San Gabriel Mountains adjacent
to the San Andreas Fault (Buscher & Spotila
2007), and from the Ocotillo Badlands (8 km �
2 km step-over) along the active Coyote Fault in
Southern California (Segall & Pollard 1980). In
contrast, Paul et al. (1999) described a c. 500 Ma
example from the northern Flinders Ranges (South
Australia) where localized sinistral transpressional
uplift occurred during the Delamerian Orogeny.
Uplift was accompanied by very high heat flows
with the exhumed metamorphosed basement rock
assemblages implying that temperatures of 500–
550 8C were attained at depths of c. 10 km.

Late Silurian–Mid-Devonian evolution

of the Great Glen Fault (GGF)

As noted above the GGF has had a lengthy history
of movement dominated in Silurian and Devonian
times by sinistral lateral displacements. Most
authors favour at least 200 km of late Silurian sinis-
tral movement based on the offset of Caledonian
regional tectonic features (e.g. Dewey & Strachan
2003) and prominent geophysical reflectors in the
upper mantle lithosphere (Hall et al. 1984; Snyder
& Flack 1990). The GGF appears to have acted as
a near planar sub-vertical structure from Neoproter-
ozoic to early Devonian times (see Stewart et al.
1999, 2001), but its subsequent geometry in the
Moray Firth area is more complex. The Rosemarkie
Inlier lacks evidence of linear or planar fabrics
formed during the late Silurian sinistral movements
along the GGF at c. 425 Ma. The planar fabrics that
predate the leucogranite sheets and veins lie near
parallel to bedding and relate to the earlier inter-
leaving of Moine and Lewisianoid rocks. Hence,
the formation of the restraining bend, related
step-overs and main structures in the inlier are
mid-Devonian in age. So why did the geometry of
the GGF change at this time?

Watson (1984) estimated that regional uplift of
the Inverness area totalled some 10–15 km during
the late Silurian-early Devonian period. The bulk
of uplift was completed prior to deposition of the
Lower ORS lacustrine and fluvial sandstone, silt-
stone and conglomerate succession that commenced
in the Emsian at c. 407 Ma. Thick bituminous
mudstone, siltstone and impure limestone units are
developed both in the Beauly-Strathpeffer area
(Mykura & Owens 1983), NW of the GGF, and
also beneath the Mesozoic units of the Inner
Moray Firth, SE of the GGF (Marshall & Hewett
2003). These lacustrine rocks form part of the
Struie Formation and attain over 1 km in thickness.
The Lower ORS facies distribution and sedimen-
tology define a pattern of restricted fault-controlled
basins with proximal infill marking a period of

extension (Trewin & Thirlwall 2002; Marshall &
Hewett 2003). Possibly the GGF was reactivated
in transtension at this time (Dewey & Strachan
2003). During end Caledonian uplift and extension
new faults were formed and the structural template
was changed. Hence, when sinistral transpression
occurred in the mid-Devonian as a result of a north-
ward directed compressive ‘pulse’, lateral move-
ment stepped NW. This short-lived deformation
event (399–393 Ma) signalled a marked change in
the applied stress direction, apparently focused on
the GGF and in the adjacent Early-Devonian
basins where localized thrusting, folding and fault-
ing occurred.

Late Palaeozoic–Mesozoic evolution

of the Great Glen Fault (GGF)

Underhill & Brodie (1993) evaluated the structural
geology of Easter Ross and the Moray Firth basin
and described a sequence of NNE-trending folds
and faults NW of the GGF trace in Middle and
Upper ORS rocks around Tain. They concluded
that the structures, developed during Permo-
Carboniferous inversion, reflected major faults in
the underlying early Devonian and older rocks.
Limited dextral movements occurred on the adja-
cent GGF. However, the main offshore extension
of the GGF was inactive during widespread exten-
sion in Permo-Triassic and Jurassic times and the
fault zone was only reactivated as part of a trans-
tensional flower structure in the late Cretaceous
or early Cenozoic. Fault movements from Jurassic
times onward were focused at the margins of the
Moray Firth Basin (Andrews et al. 1990). Bird
et al. (1987) showed that during the Mesozoic
lateral movements transferred to the NW onto the
Helmsdale Fault giving rise on the Sutherland
Terrace to localized extensional deformation
during sinistral movements, and inversion and loca-
lized compression during dextral movements. This
migration of movement resulted in formation of a
series of step-overs linked in the Mesozoic
sequences by moderate to gently dipping thrusts or
extensional faults. Hence, the onshore and offshore
record shows that strike-slip movements migrated
northwestwards onto parallel faults with their
timing dependent on the regional plate tectonic
geometry and the prevailing stress orientations
(Underhill & Brodie 1993). The NE extension of
the GGF into the Moray Firth Basin was locked
for much of the Late Palaeozoic and Mesozoic.
Underhill & Brodie (1993) concluded that because
the GGF was a vertical structure and lay orthogonal
to the NW–SE extensional strain field, strike-slip
reactivation only occurred when extensional slip
vectors changed to become near-parallel to the
fault, that is, in the Permo-Carboniferous and
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Cenozoic. Thus, the mid-Devonian transpressional
event marked a major change in the pattern of move-
ment on the GGF, with the locus of fault movement
migrating progressively NW; this pattern continued
into Mesozoic times with lateral and vertical move-
ments becoming focused on the Helmsdale Fault
(Roberts & Holdsworth 1999).

The generation of the Rosemarkie Inlier

It is proposed that the Rosemarkie Inlier was gener-
ated by oblique extrusion at a sharp restraining bend
developed on the GGF between about 399 Ma and
393 Ma. The formation of the step-over reflected
the regional stress conditions that prevailed during
this sinistral transpressional event, the increased
frictional resistance to renewed movement along
the pre-existing GGF trace, and the newly formed
structural template. This short-lived mid-Devonian
transpressional event marked the end of late Caledo-
nian uplift, extension and sinistral transtension in
the late Silurian and early Devonian (see Dewey
& Strachan 2003). The event was coeval with the
Acadian compressional event that is widely devel-
oped in England and Wales (Woodcock & Soper
2006; Woodcock et al. 2007) and even recorded in
western Ireland (Meere & Mulchrone 2006). In con-
trast, in West Norway and possibly also in Shetland
there is evidence of widespread extension, transten-
sion, and strike-slip fault movements during this
period, which was dominated by the uplift and
erosion of the emerging Caledonide chain (Krab-
bendam & Dewey 1998; Walsh et al. 2007;
Fossen 2010). Although the Acadian event resulted
from the onset of collisional activity in the develop-
ing Rheic Ocean south of Avalonia we argue below
that it also affected Scotland giving rise to localized
sinistral transpression focused along the main
terrane-bounding faults and extending as far north
as the Moray Firth.

The nature of the Acadian event

in Scotland

The Devonian succession in Scotland contains
evidence of periods of uplift and possible tectonic
activity that separate it into three distinct sequences.
These were termed the Lower, Middle and Upper
Old Red Sandstone (ORS) by Murchison (1859)
and the terms are still in use today, albeit with con-
siderably modifications (see Trewin & Thirlwall
2002).

Midland Valley

The Midland Valley terrane is separated from
the Highlands on its NW side by the Highland

Boundary Fault Zone (HBFZ) and from the
Southern Uplands on its SE side by the Southern
Uplands Fault (SUF) (Fig. 9). Within this terrane,
fluvial and lacustrine Lower ORS rocks of late
Silurian to early Devonian age are widely devel-
oped (Bluck 2000). In Strathmore the sequence
consists mainly of fluvial sandstones and conglom-
erates with volcanic rocks in its lower parts. These
include the distinctive dacitic Lintrathen Tuff (Por-
phyry), dated at 415 + 6 Ma (Thirlwall 1988). In its
uppermost parts thick conglomerate units are devel-
oped locally adjacent to the HBFZ. A prominent
example is the c. 1500 m thick Strathfinella Hill
Conglomerate near Fettercairn that represents a
proximal alluvial fan deposit (Haughton & Bluck
1988). Unlike most conglomerate units in the
Lower ORS sequence that consist largely of
reworked quartzite cobbles derived from the NE,
this unit contains first cycle metamorphic and volca-
nic clasts, derived from the NW. It is dominated by
Dalradian psammite and semipelite clasts that can
be matched readily in the nearby Grampian High-
lands and clearly records syn-depositional uplift of
the adjacent Highlands. The conglomerate passes
rapidly to the SE into siltstones and mudstones
which have been dated as Emsian from miospores
(Richardson et al. 1984). The Lower ORS sequence
is folded into the Strathmore Syncline and Sidlaw
Anticline (Fig. 9) and overlapped unconformably
by the late Devonian Upper ORS succession.
Hence fault movement, deformation, uplift and
erosion are bracketed as mid-Devonian in age. The
Lintrathen Tuff crops out on both sides of the
HBFZ, but shows an apparent sinistral offset of
some 34 km. The structural features and timing of
deformation are consistent with an Acadian sinistral
transpressional event focused along the HBFZ
during the mid-Devonian (see Jones et al. 1997 for
kinematic analysis; Tanner 2008). Deposition of
the youngest Emsian parts of the sequence appears
to have overlapped with fault movements along
the HBFZ.

Lower ORS sandstones, conglomerates, and
andesitic and basaltic volcanic rocks also crop out
near the SE margin of the Midland Valley (Smith
1995) (Fig. 9). Again the volcanic rocks yield
Lochkovian ages, here c. 412 Ma (Thirlwall 1988).
The rocks were deformed during a mid-Devonian
tectonic event whose effects become more intense
towards the SUF. Deformation resulted in the for-
mation of km-scale, asymmetrical anticlines and
synclines whose axes trend NE to ENE, oblique to
the SUF. They form en échelon arrays and Smith
(1995) interpreted the fold pattern as indicative of
sinistral transpression focused along the SUF.
Floyd (1994) presented evidence for some 12 km
of sinistral offset of structures just north of the
Loch Doon granite pluton.
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Meall Fuar-mhonaidh outlier

Lower ORS sandstones and conglomerates are pre-
served in the Meall Fuar-mhonaidh outlier adjacent
to the GGF some 32 km SW of Rosemarkie (see
above for details of lithology and structure)
(Fig. 5). The c. 2 km-thick sequence was deposited
rapidly in a fault-bounded basin (Mykura &
Owens 1983). At its NE end the Craig Nay Conglo-
merate contains large angular clasts of psammite

and pink–orange leucogranite veins that match
those exposed in the Rosemarkie Inlier. Given its
highly proximal nature and high stratigraphical pos-
ition, it is proposed that this conglomerate unit
formed by erosion of the inlier, which at the time
was situated immediately to the NE. This would
date the start of exhumation of the inlier and sinistral
movement on the GGF as late Emsian in accord with
the age of leucogranite emplacement. Note that the
eroded material would be derived from a much

Fig. 9. Acadian features in the British Isles. GGF, Great Glen Fault; HBF, Highland Boundary Fault; SUF, Southern
Upland Fault; Ro, Rosemarkie Inlier; MF, Meall Fuar-mhonaidh Outlier; SHC, Strathfinella Hill Conglomerate.
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higher crustal level than that presently exposed. The
fold pattern, limited WNW-directed thrusting and
decreasing strain away from the GGF in the outlier
are all compatible with the development of a posi-
tive flower structure linked to sinistral transpression.
Although this deformation cannot be dated with cer-
tainty here, its low grade and structural pattern are
best explained as due to the Acadian event.

Rosemarkie and Easter Ross

Deformation also affects the Lower ORS sequence
NW of the GGF on the Black Isle and in Easter
Ross. Rogers et al. (1989) placed the sequence in
the late Emsian and noted that its northwestern
bounding faults, the Torr Achilty and Glaick–
Polinturk faults, show evidence of limited compres-
sional and strike-slip reactivation. Localized thrust-
ing occurs at the base of the succession, for example,
at Contin, and farther north on Struie Hill, where
the gently ESE-dipping Struie Thrust forms a pro-
minent feature marked by low grade mylonites
(Armstrong 1964). The thrust lies some 25 km
NW of the GGF trace and 20 km from the Cromarty
Inlier (Fig. 9). Underhill & Brodie (1993) deduced
that the thrust formed as a consequence of footwall
collapse linked to inversion along the Polinturk
Fault. They interpreted the resultant flower structure
as Permo-Carboniferous, linked to Variscan defor-
mation in the Moray Firth, but its geometry is also
compatible with Acadian transpression. In Easter
Ross the Middle ORS sandstone and conglomerate
sequence (with fish beds) overlies the Lower ORS
with slight to moderate angular unconformity and
is in turn overlain by Upper ORS sandstones. The
whole sequence is folded by the large open Black
Isle Syncline, a probable Permo-Carboniferous age
structure.

The angular unconformable Middle ORS–
Lower ORS boundary can be traced northeastwards
into the Golspie and Badbea basins, but at Sarclet
(by Wick) in Caithness the two successions are
conformable (Trewin & Thirlwall 2002), possibly
documenting the northward waning of Acadian
tectonic effects.

Conclusion

The Rosemarkie Inlier consists of Moine psammites
and semipelites and Lewisianoid felsic and mafic
gneisses, all intruded by abundant pink leucogranite
veins. Zircon U–Pb LA-MC-ICP-MS data from
two gneiss samples give Archaean protolith ages
between 2930 and 2720 Ma; zircon morphologies
are consistent with their formation in high grade
gneisses at deep crustal levels. One sample contains
evidence of significant zircon growth at c. 1745 Ma,

indicative of Laxfordian reworking. Hence, the
inlier exposes structurally interleaved Moine and
Lewisianoid rocks, effectively providing a ‘snap-
shot’ of the deeper levels of the Caledonian
orogen in this area. The interleaving and related
planar fabrics predate leucogranite emplacement
and may be late Silurian (Scandian), early Ordovi-
cian (Grampian) or Neoproterozoic (Knoydartian)
in age. Similar relationships are found at the Sgurr
Beag Thrust some 28 km to the WNW (Grant &
Harris 2000).

Monazite and zircon U–Pb TIMS data from the
leucogranite veins show that they were emplaced
into the Moine and Lewisianoid rocks at 399 Ma.
The veins lie discordant to the early fabrics (S1)
but are strongly deformed and folded in three struc-
tural phases (D2–D4). Metamorphic assemblages
and the structural style of the main D2 deformation
are compatible with their formation at depths of
12–15 km. The inlier is overlain unconformably
by mid-Devonian (Eifelian–Givetian) sandstones
and conglomerates whose deposition commenced
at c. 393 Ma; thus deformation and exhumation
are restricted to a time frame of 4–6 million years,
implying local uplift rates of 2–4 mm/a.

The structure of the Rosemarkie Inlier is domi-
nated by a generally steep NE-trending foliation
(S2), moderately NE-plunging lineation (L2/L3)
and strongly constrictional strains (Rathbone
1980). These features are compatible with its extru-
sion as an elongate ‘pip’ at a sharp restraining bend
of the Great Glen Fault (GGF) during sinistral trans-
pression. The Rosemarkie and adjacent Cromarty
inliers represent fault-bounded step-overs, formed
as the locus of sinistral lateral movement on the
GGF migrated onto sub-parallel faults farther to
the NW.

It is suggested that in early Devonian (Emsian)
the Rosemarkie Inlier lay adjacent to the Meall
Fuar-mhonaidh Outlier, now situated some 32 km
to its SW. The Lower ORS sequence in the outlier
contains a highly proximal conglomerate unit at its
NE end whose clasts match the lithologies of the
Rosemarkie Inlier. It is proposed that the final
stages of Lower ORS sedimentation in the outlier
overlapped with the initial exhumation of the
inlier and thus the onset of significant lateral fault
movement at c. 399 Ma. The 32 km offset is
broadly compatible with the strain values obtained
from the deformed leucogranites and the structural
geometry in the inlier.

The mid-Devonian sinistral transpressional
event identified at Rosemarkie is interpreted as a
manifestation of the Acadian Event, a short-lived
northward-directed compressional pulse generated
between 400 and 390 Ma by the collision of
an Armorican microcontinent with Avalonia
(Woodcock et al. 2007). In Scotland this pulse
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was focused on the main terrane-bounding fault
zones, namely the Southern Upland, Highland
Boundary and Great Glen fault zones. It was gener-
ally partitioned into sinistral strike-slip movements
on the faults and related orthogonal compressional
deformation. Intensity of deformation is greatest
adjacent to the fault zones and decreases with dis-
tance away from them. Deformation was preferen-
tially taken up by the Lower ORS sequences that
had accumulated in nearby fault-bounded exten-
sional basins. Adjacent to the HBFZ there seems
to have again been an overlap of fault movement
and the later phases of ORS sedimentation. Positive
flower structures were formed on the NW side of the
GGF in the Meall Fuar-mhonaidh Outlier and in the
Lower ORS succession in Easter Ross; for example,
the Struie Thrust. The Lower ORS–Middle ORS
unconformity can be traced northwards as far as
Caithness, possibly reflecting the waning effects of
the Acadian Event.

The mid-Devonian (Acadian) sinistral transpres-
sion marked a significant change in the kinematics
of the GGF. Prior to this event in the late Silurian
and early Devonian the fault appears to have been
a planar structure and a focus for sinistral lateral
movements, firstly in transpression (Stewart et al.
1999), but mainly in transtension (Dewey &
Strachan 2003). The end Caledonian uplift and for-
mation of small scale basins in the early Devonian
altered the structural geometry, particularly in the
Moray Firth area. Hence, when the far-field Aca-
dian effects reached northern Scotland, the GGF
formed a restraining bend to facilitate the migration
of lateral movement northwestwards. This pattern
of fault migration was repeated in late Palaeozoic
and Mesozoic times during transtensional and
transpressional events, both sinistral and dextral.

The detailed mapping and observations of P. A. Rathbone
in the Rosemarkie Inlier formed the basis for this study and
his considerable contribution is readily acknowledged.
Thanks are also due to the careful and helpful reviews by
M. Stewart and N. Woodcock and some serious editing
by M. Krabbendam that have resulted in a considerably
more coherent and focused paper. The interpretation of
the problems posed by the inlier and the history of the
Great Glen Fault has benefited from discussions with
A. L. Harris and M. Stewart. This paper is published by
permission of the Executive Director, British Geological
Survey.
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PAUL, E., FLÖTTMANN, T. & SANDIFORD, M. 1999.
Structural geometry and controls on basement-
involved deformation in the northern Flinders Ranges,
Adelaide Fold Belt, South Australia. Australian
Journal of Earth Sciences, 46, 343–354.

RATHBONE, P. A. 1980. Basement-cover Relationships
at Lewisian Inliers in the Moine Series of Scotland,
with Particular Reference to the Sgurr Beag Slide.
Unpublished PhD thesis, University of Liverpool.

RATHBONE, P. A. & HARRIS, A. L. 1980. Moine and
Lewisian near the Great Glen Fault in Easter Ross.
Scottish Journal of Geology, 16, 51–64.

RICHARDSON, J. B., FORD, J. H. & PARKER, J. 1984.
Miospores, correlation and age of some Scottish
Lower Old Red Sandstone sediments from the Strath-
more region (Fife and Angus). Journal of Micro-
palaeontology, 3, 109–124.

ROBERTS, A. M. & HOLDSWORTH, R. E. 1999. Linking
onshore and offshore structures: Mesozoic extension
in the Scottish Highlands. Journal of the Geological
Society, London, 156, 1061–1064.

ROBIN, P.-Y. F. & CRUDEN, A. R. 1994. Strain and vorti-
city patterns in ideally ductile transpression zones.
Journal of Structural Geology, 16, 447–466.

ROGERS, G. & DUNNING, G. R. 1991. Geochronology of
appinitic and related granitic magmatism in the W
Highlands of Scotland: constraints on the timing of
transcurrent fault movement. Journal of the Geological
Society, London, 148, 17–27.

ROGERS, D. A., MARSHALL, J. E. A. & ASTIN, T. R.
1989. Devonian and later movements on the Great
Glen fault system, Scotland. Journal of the Geological
Society, London, 146, 369–372.

SANDERSON, D. J. & MARCHINI, W. R. D. 1984. Trans-
pression. Journal of Structural Geology, 6, 449–458.
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Abstract: Benjamin Peach, John Horne and their co-workers recognized a century ago that the
identical fauna and lithofacies of the lower Palaeozoic strata in the NW Highlands of Scotland
and the North American craton could only be explained if they were: ‘part of one and the same
geological and zoological province’. In this sense their work provided critical geological under-
pinning for the subsequent understanding of Mesozoic–Cenozoic seafloor spreading and continen-
tal drift. ‘Tectonic tracers’ such as the fragment of Laurentian craton in the NW Highlands of
Scotland, provide the strongest evidence available for deciphering pre-Pangaea palaeogeography.
The Laurentian craton appears to have left several such tectonic ‘calling cards’ in today’s southern
continents. Intriguingly, it is the presence in the Andean Precordillera of northwestern Argentina of
an early Palaeozoic fauna identical to that of the NW Highlands that provides perhaps the most
unequivocal geological clue to pre-Pangaea palaeogeography. Recent work in East Antarctic
and Laurentian cratons has provided a positive test of the hypothesis that they were once juxtaposed
prior to the Neoproterozoic opening of the Pacific Ocean basin. Geochronology and isotope geo-
chemistry, supported by palaeomagnetic studies indicate that the Coats Land crustal block of East
Antarctica at the head of the Weddell Sea is also a fragment of the Laurentian craton. These three
‘tectonic tracers’ permit tracking of the Laurentian craton in relation to the present southern con-
tinents from the Neoproterozoic break-up of the Rodinian supercontinent to the late Palaeozoic
assembly of Pangaea.

One of the most striking geological features of the
NW Highlands of Scotland is the sequence of
Cambrian and Lower Ordovician strata known as
the Durness succession. This caps several major
mountains in the region, resting with slight angular
unconformity on late Precambrian Torridonian
sandstones and overstepping onto Archaean to Pro-
terozoic Lewisian gneiss (Fig. 1). In the classic Geo-
logical Survey of Great Britain memoir on ‘The
Geological Structure of the North-West Highlands
of Scotland’ (Peach et al. 1907) celebrated by this
volume, Benjamin Peach noted that J. W. Salter
had pointed out 50 years earlier (Salter 1859) that
the fossils of the Durness Limestone have biological
affinities ‘more closely linked with American than
with European forms’ (Fig. 2; Peach et al. 1907,
p. 376). Peach went on to state that ‘all subsequent
observation has confirmed his opinion’. Further,
he wrote in the memoir

Not only are the fossils identical on the two sides of the
Atlantic, but the sediments in which they have been
preserved present a remarkable similarity, as if the
North American and Scottish Cambrian rocks were
deposited under similar, if not identical, physical con-
ditions, and as part of one and the same geological and
zoological province.

These observations, which have only been
strengthened by palaeontologists, sedimentologists
and stratigraphers over the past century (e.g. Swett
& Smit 1972), provided an early and solid geological
underpinning for the subsequent understanding of
Mesozoic–Cenozoic seafloor spread and continen-
tal drift based on marine geophysics, the study of
piston cores and eventually culminating in the
ocean floor drilling of the late 1960s. The palaeonto-
logical and lithological correlations presaged the
stratigraphic, palaeontological and tectonic corre-
lations of DuToit (1937) among the southern conti-
nents and were complemented by the tectonic
observations of Holmes (1944) regarding the appar-
ent continuity of the Appalachian orogen with the
Caledonian and Variscan orogens across the North
Atlantic Ocean basin. Modern marine data and satel-
lite altimetry-derived gravity data unequivocally
demonstrate the former continuity of the NW
Caledonian foreland, or Hebridean shield, and the
Laurentian craton (including Greenland), as well as
the former continuity of the Appalachians with the
Caledonian and Variscan orogens, suggested by
Holmes, and DuToit’s correlation of the Cape fold
belt of southern Africa and the Sierra de La
Ventana of Argentina (Fig. 3). The Hebridean
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shield, with its superincumbent Durness succession,
has thus been demonstrated to represent a vital
palaeogeographical clue. It is like a geological
‘calling card’ left behind as North America separated
from northwestern Europe outboard of the early
Palaeozoic Laurentia–Baltica collisional suture rep-
resented by the Caledonian orogen. I have referred to
this type of terrane elsewhere as a ‘tectonic tracer’
(Dalziel 1993). The concept has since been used by
others (e.g. McCausland et al. 2006).

The pioneering trans-Atlantic correlations made
by Salter, and by Peach and his colleagues hence
yield a legacy for attempts to reconstruct global
palaeogeography prior to the Late Palaeozoic assem-
bly of the Pangaea supercontinent. The Pacific
Ocean basin may be older than that of the Atlantic,
but all pre-Jurassic ocean floor there has been sub-
ducted around the margins of the basin. In the
absence of pre-Mesozoic oceanic lithosphere on
the surface of the planet, geoscientists attempting
to reconstruct pre-Pangaea geography a century
later are largely dependent on the same type of geo-
logical evidence that formed the case for continental
drift before the understanding of seafloor magnetic
anomalies. We now have more advanced palaeo-
magnetic methods than those that provided the first
geophysical clues that continental drift is a reality
(Runcorn 1959) and we have sophisticated

geochemical tools, including the geochronology
critical to palaeomagnetic interpretation. Fundamen-
tally, however, we are still forced to rely on the rock
record, even if this can be enhanced with modern lab-
oratory analyses. Palaeomagnetic data are valuable,
but currently limited by the paucity of high-quality
poles from appropriate Palaeozoic and Precambrian
rocks, and by the potential for remagnetization. They
must therefore be interpreted in close conjunction
with the geological evidence. However, as earth
processes can generate identical rock types simul-
taneously in widely separated continents, it is the
identification of truly definitive palaeogeographic
evidence in the rock record that is crucial in the
reconstruction of pre-Pangaea Earth.

The Laurentian craton has left several tectonic
tracers in today’s southern continents, notably
Antarctica and South America, leaving us a trail in
space and time to follow its Neoproterozoic and
Palaeozoic relative motions and tectonic inter-
actions with other continents. Intriguingly, it is the
presence in northwestern Argentina of an early
Palaeozoic fauna of Laurentian affinities, identical
to that of the Durness succession that provides
perhaps the most unequivocal geological clue to
pre-Pangaea palaeogeography. There must have
been close interaction between Laurentia and Gond-
wanaland going back in time at least as far as the

Fig. 1. Cambrian quartzite resting unconformably on eroded platform of Lewisian Gneiss. Beinn Arkle, Sutherland
(Peach et al. 1907, plate XXXIII).
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Fig. 2. Olenellid trilobites from the Durness strata (Peach et al. 1907, plate LII): 2, 3. Olenellus Lapworthi; 4. Olenellus
reticulates; 5. Olenelloides armatus. (1, 1a, 1b & 1c are supposed organisms from Torridonian shales.)
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early Palaeozoic. Indeed the evidence from Antarc-
tica traces Laurentian interaction with the cratons
that amalgamated to form Gondwanaland well
back into the Precambrian.

The Precordillera of northwestern Argentina is
the easternmost major range of the Andean Cordil-
lera at its latitude (Fig. 3). The lithological differ-
ence between the Cambrian and Lower Ordovician
strata of the Precordillera with their warm-water
limestones and the cold water clastic rocks of the
same age elsewhere in the Andes has been recog-
nized for many years (Keidel 1921). Wilson
(1954) and Borrello (1965) noted the North Ameri-
can affinities of the fossil fauna of the Precordillera.
This was initially assumed to be due to the transfer
of larvae between the two continents by ocean
waters, but the larvae are unlikely to have travelled
great distances and the critical fauna is confined to
two small areas only outside of Laurentia, the
Hebridean shield and the Argentine Precordillera.
It has therefore been suggested that the latter
was displaced from Laurentia to the proto-Andean
margin of Gondwanaland as a ‘far-travelled ter-
rane’ (Ramos et al. 1986; Astini et al. 1995;
Thomas & Astini 1996).

Although it had been assumed that early Palaeo-
zoic Laurentia, was widely separated from the proto-
Andean margin of South America (see Dalziel 1997

for review), Bond et al. (1984), noting that palaeo-
magnetic data indicate an equatorial position for
Laurentia in the Early Palaeozoic, suggested that
the faunal evidence could be explained if the Pre-
cordillera was a conjugate margin to the proto-
Appalachian margin at that time when the interior
of the Gondwanaland supercontinent was located
over the South Pole (Fig. 4a). As pointed out
above, however, the lithofacies and fauna with
Laurentian characteristics are confined to the Pre-
cordillera. Dalla Salda et al. (1992a, b) and Dalziel
(1997) therefore suggested and developed the
radical alternative that the Precordillera had been
transferred to Gondwanaland from Laurentia
following continent–continent collision in mid-
Ordovician times (Fig. 4b), just as the Adriatic
promontory of Africa was transferred to Europe in
the Alpine collisional event.

Unlike the Hebridean shield with its now obvious
derivation from Laurentia by rifting and seafloor
spreading, however, it is far from clear how the Pre-
cordillera was detached from Laurentia and attached
to the proto-Andean margin of Gondwana. The
presence of Hirnantian glacial deposits overlying
the Cambrian and Ordovician limestones of the Pre-
cordillera (Astini 2001) indicates that they were part
of Gondwanaland before the end of Ordovician
times. At this juncture it is sufficient to point out

Fig. 3. Mollweide projection of present-day Earth with plate boundaries (bold), fracture zones, and locations and
orogens discussed in the text. Open block arrows show the Cenozoic separation of the Hebridean shield from Laurentia
and the Mesozoic–Cenozoic separation of the Sierra de la Ventana from the Cape fold belt. AFR, Africa; AO,
Appalachian orogen; ARC, Cuyania terrane (Argentine Precordillera ); AUS, Australia; CFB, Cape fold belt; CL, Coats
Land; CO, Caledonian orogen; EANT, East Antarctica; EUR, Eurasia; KAL, Kalahari craton; LAU, Laurentia; SAM,
South America; SV, Sierra de la Ventana; VO, Variscan orogen.
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Fig. 4. (a) Proto-Appalachian margin of Laurentia and the Argentine Precordillera (Cuyania terrane; SJ on figure)
suggested as Cambrian conjugate margins (Bond et al. 1984). (b) Suggested Ordovician collision of Laurentia and the
proto-Appalachian margin of Gondwanland (Dalla Salda et al. 1992a, b; figure from Dalziel et al. 1994). OEFS,
Ouachita embayment fault system; OT, Occidentalia terrane, now the Cuyania terrane.
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that the Precordillera constitutes another Laurentian
‘calling card’, a tectonic tracer providing a strong
clue as to past, in this case pre-Pangaea, interconti-
nental relations. As the Durness succession and its
fauna provided a clue to Peach et al. a century ago
regarding the former continuity of the Hebridean
shield and the Laurentian craton, so the Precordil-
leran rocks and their fossils provide definitive evi-
dence that Laurentia and the former Gondwanaland
supercontinent were somehow tectonically linked
prior to the amalgamation of Pangaea.

This contribution is not intended as a full review
of ideas regarding pre-Pangaea palaeogeography.
Rather it represents an attempt to demonstrate one
way the recognition of former parts of the Lauren-
tian craton in present day southern continents
might be used as a guide to palaeogeography from
the assembly of the Rodinia supercontinent at the
end of the Mesoproterozoic to the assembly of
Pangaea at the end of Palaeozoic time.

Laurentia within Rodinia

Prior to the understanding of seafloor spreading, a
question frequently raised regarding the continental
drift hypothesis was ‘If Pangaea existed, did it
always exist before being fragmented as a result of
continental drift, or were there earlier superconti-
nents?’ In the first application of the emerging
paradigm of plate tectonics to the older geo-
logical record, J. Tuzo Wilson posed the related
question: ‘Did the Atlantic close and then reopen?’
(Wilson 1966). He used the difference between
the benthic faunas of cratonic North America and
NW Scotland, the Durness or ‘Pacific’ fauna, and
that of the Canadian Maritime Provinces and the
Welsh border country of western England, the
‘Atlantic’ fauna, to suggest that the Appalachian-
Caledonian orogen had formed by continental col-
lision when an early Palaeozoic proto-Atlantic or
Iapetus ocean basin closed. While it now seems
unlikely that Iapetus closed exactly where it orig-
inally opened, as proposed in 1966, it was the
‘Wilson cycle’ of ocean opening and closing that
initiated serious consideration of pre-Pangaea
supercontinental configurations.

The way forward was demonstrated by Bond
et al. (1984), when they pointed out that Laurentia
must have ‘broken out’ from within a late Precam-
brian supercontinent as it is surrounded by some
14 000 km of late Precambrian rifted margins.
This hypothetical supercontinent is widely believed
to have been amalgamated during continent–
continent collision associated with the globally
widespread Late-Mesoproterozoic to Early-
Neoproterozoic orogenic episode best known by
its name in eastern and southern North America,

the Grenvillian orogeny. Despite uncertainty reg-
arding its palaeogeography that continues to the
present day, this supercontinent has come to be
known as Rodinia, from a Russian word imply-
ing that it ‘begat’ all subsequent continents
(McMenamin & McMenamin 1990). As Laurentia
appears to have been located in the interior of
Rodinia, the obvious path to reconstructing the
palaeogeography of that supercontinent is through
identification of the conjugates to the rifted
margins of ancestral North America, most notably
the .4000 km long proto-Appalachian/Caledonian
and proto-Cordilleran margins.

Pacific margin

The most fervently debated idea for the conjugate to
the Laurentian proto-Pacific margin has been the
ground-breaking SW United States–East Antarctica
(SWEAT) hypothesis of Moores (1991) as further
developed by Dalziel (1991) and Hoffman (1991).
Moores built on the suggestion by Bell and Jefferson
(1987) that the Neoproterozoic successions of
southeastern Australia and southwestern Canada
might be correlated, by identifying possible tectonic
‘piercing points’ (Crowell 1959) along the late Pre-
cambrian Pacific rifted margins of Laurentia and
East Antarctica in the manner of DuToit and
Holmes for the Mesozoic Atlantic rifted margins.
Dalziel (1991) demonstrated that the margins are
indeed of the same extent, and identified an
additional possible piercing point. Hoffman (1991)
and Dalziel (1991) both went on to suggest
that East Gondwanaland (Australian and East
Antarctic cratons) might have been conjugate to
the proto-Cordilleran margin of Laurentia and
West Gondwanaland (African and South American
cratons) conjugate to the proto-Appalachian margin
of Laurentia.

In the intervening years there have been several
suggestions for alternative Rodinia palaeogeogra-
phy and modifications of the SWEAT hypothesis.
These have included: a reintroduction of an older
idea that the Siberian craton was conjugate to the
proto-Cordilleran margin (Sears & Price 1978); a
suggestion that the South China block intervened
between Laurentia and East Antarctica-Australia
(Li 1999); suggestions that the SE Australian
margin was juxtaposed with either the SW United
States (AUS–WUS; Karlstrom et al. 2001) or
Mexico (AUS–MEX; Pisarevsky et al. 2003). An
international group of scientists has recently pub-
lished the first geological map of Rodinia as part
of the International Geosciences Project (IGCP
440; Li et al. 2008) that embraces several of
these ideas. Recently a completely different palaeo-
magnetically-based reconstruction of Rodinia has
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been proposed (Evans 2009). This suggests that
no major craton was conjugate to the proto-
Appalachian margin, but rather that the latest
Precambrian-Cambrian rift event along that margin
of Laurentia records the separation of a thin sliver
of continental crust akin to today’s Lomonosov
Ridge in the Arctic Ocean or the Lord Howe Rise
off eastern Australia.

While acknowledging that all of these hypoth-
eses are worthy of further testing, I will return
here to the SWEAT hypothesis because recent geo-
chronological and geochemical data from East Ant-
arctica suggest that it is indeed a tectonic tracer for
Laurentia, indicating the former juxtaposition of the
Laurentian and East Antarctic cratons. This further
leads to a reasonable scenario for the amalgamation
of east and west Gondwanaland, and the assembly of
Pangaea, both at rates of plate motion comparable to
the Mesozoic and Cenozoic. Terranes of Laurentian
origin trace the history through one billion years.

Goodge et al. (2008) have recently published new
geological, age and isotopic data from East Antarc-
tica providing a positive test of Laurentia’s former
juxtaposition (Fig. 5). Neodymium isotopes of Neo-
proterozoic rift-margin strata are similar; hafnium
isotopes of 1.4 Ga Antarctic-margin detrital zircons
match those in Laurentian granites of similar age;
and a glacial clast of A-type granite from a
moraine along the Transantarctic margin of the
East Antarctic craton has a U–Pb zircon age of c.
1440 Ma, an epsilon-hafnium initial value of þ7,
and epsilon-neodymium value of þ4. These data
indicate the presence in East Antarctica of granites

having the same age, geochemical properties, and
isotopic signatures as the highly distinctive A-type
granites of Laurentia. Thus there is outstanding evi-
dence that the East Antarctic and Laurentian cratons
were one and the same prior to the opening of the
Pacific Ocean basin during the Neoproterozoic.
Notably, there is no Grenvillian suture along these
hypothetically juxtaposed margins, so the combined
craton would have existed before that global Late-
Mesoproterozoic to Early-Neoproterozoic suturing
event.

Southern margin

One major change in understanding Rodinia palaeo-
geography since publication of the Moores, Dalziel
and Hoffman articles in the early 1990s, is recog-
nition that neither east nor west Gondwanaland
was completely amalgamated until the end of the
Precambrian, or Early Cambrian. In my contribu-
tion to the SWEAT hypothesis (Dalziel 1991), I
suggested that the rocks forming the small nunataks
of Coats Land in East Antarctica (Fig. 3) might be a
former continuation of the Grenville province in the
southern United States as the radiometric dates that
had been obtained on them at that time were close to
1.0 Ga. Subsequent field work, however, revealed
that the Bertrab and Littlewood nunataks consist
of granophyre and flat-lying rhyolitic deposits
(Gose et al. 1997), apparently overlying an older
metamorphic basement visible only by air in an
inaccessible exposure (Moltke Nunatak; Raina

Fig. 5. Schematic diagram showing common crustal characteristics of the Pacific margins of East Antarctica and
Laurentia (from Goodge et al. 2008). The numbers refer to the depositional (Dep), crustal or magmatic ages in billions of
years. TNQ is a granite boulder from a glacial moraine in the upper Nimrod Glacier area of the Transantarctic
Mountains; the boulder must have been transported from beneath the East Antarctic Ice Sheet.
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et al. 1995; Kleinschmidt & Boger 2009). U–Pb
dating of zircon and titanite from these rocks
yielded an age of c. 1106 Ma (Gose et al. 1997).
This is the same age as the older part of the Keewee-
nawan large igneous province of Laurentia and the
Umkondo large igneous province of the Kalahari
craton in southern Africa (Hanson et al. 2004).
Study of the lead isotopes in the Coats Land rocks,
however, revealed that they have the low-radiogenic
lead isotopes characteristic of the Keeweenawan
LIP rather than the more highly radiogenic isotopes
characteristic of the Umkondo igneous province
in the Kalahari craton (S. Loewy, I. Dalziel,
J. Connelly & R. Hanson, unpublished data).

Geophysical studies of the Coats Land region
have shown that it is a discrete crustal block within
East Antarctica (Studinger & Miller 1999). Work
in the Shackleton Range to the present south along
the Transantarctic margin has demonstrated the
presence of a Late-Precambrian–Early-Cambrian
suture (Tessensohn et al. 1999) between the Coats
Land block and the main part of the East Antarctic
craton south of the Gawler craton in southeastern
Australia, which has been termed the Mawson
craton (Peucat et al. 1999). Palaeomagnetic data
indicate that the Kalahari and Laurentian cratons
were separated by approximately 1500 km at
1100 Ma, but that Coats Land could have been
part of the Laurentian craton at that time (Gose
et al. 1997; Jacobs & Thomas 2004; Jacobs et al.
2008; Kleinschmidt & Boger 2009; Fig. 6). Hence
it is likely that the Coats Land crustal block is a
small tectonic tracer that was once part of the
Laurentian craton, most likely off the present
‘southern cone’ of the craton near the Ouachita
embayment.

Proto-Appalachian-Caledonian margin

As noted above, the first attempts to reconstruct
early Palaeozoic palaeogeography assumed that
the Iapetus Ocean basin had opened between the
proto-Appalachian margin and northwestern
Africa, exactly where the central Atlantic Ocean
basin opened in the Mesozoic (Wilson 1966).
However, since the hypothesis of Bond et al.
(1984) that the conjugate margin was the rather
proto-Andean margin, most reconstructions have
focused on the proto-Andean margin of South
America as the conjugate (e.g. Dalziel 1991;
Hoffman 1991). It is notable that palaeomagnetic
poles for Ordovician Laurentia and Gondwanaland
are permissive of either a wide Iapetus ocean with
the proto-Appalachian margin opposed to NW
Africa (present-day coordinates), or a narrow
Iapetus Ocean with Laurentia at a different palaeo-
longitude and the Appalachian margin opposed to

the Andean margin (see discussion in Dalziel
1997). In the early 1990s, I made the specific propo-
sal that the Greenland-Scotland-Labrador promon-
tory of the reconstructed Laurentia, what I referred
to as ‘the Scottish promontory’, might match the
Africa re-entrant in South America and that the
Arequipa massif in southern Peru and northern
Chile might be a tectonic tracer from Laurentia
(Dalziel 1992a). Detailed geochemical studies,
most notably comparison of the lead isotopic com-
position of whole rock and feldspar samples from
the Arequipa massif with their Laurentian supposed
equivalents, appear to rule this out (Loewy et al.
2004). Nonetheless, palaeomagnetic studies do
permit that South American cratons to have been
conjugate with the proto-Appalachian margin
(Rapalini & Astini 1998; Tohver et al. 2006).

Here I suggest a similar reconstruction based on
the Coats Land Laurentian tectonic tracer as a proxy
for the former position of Laurentia itself against the
margin of the newly assembled Gondwanaland
supercontinent at the end of the Precambrian and
prior to the opening of the Iapetus Ocean basin
(Fig. 7). As discussed elsewhere (Dalziel 1997),
there may therefore have been a short period of
time near the Precambrian–Cambrian transition
when a geologically ephemeral supercontinent,
Pannotia, an ‘all southern’ entity, existed that con-
sisted of the newly assembled Gondwanaland plus
Laurentia. The timing of final closure of some
intra-Gondwanaland ocean basins is still uncertain,
however, so Pannotia may have had interior
Mediterranean-type basins.

I earlier put forward the hypothesis that there
may have been a Falkland Plateau-like extension
of the Laurentian continent in this area including
what became the Cuyania terrane of northwestern
Argentina, which I termed the ‘Texas Plateau’
(Dalziel 1997). However, subsequent recognition
of the Late-Precambrian–Early-Palaeozoic Gond-
wanaland continental margin in the Sierra de la
Ventana of eastern Argentina (Fig. 3; Rapela et al.
2003) permits a closer fit of Laurentia to the
Kalahari craton of southern Africa and obviates
the necessity to appeal to such a large extension
of the Laurentian craton. The Cuyania terrane of
Argentina is shown here restored within the
Ouachita embayment as discussed below (Fig. 7a),
and there may still have been a ‘Texas plateau’
extending towards Gondwanaland. Part of Cuyania
was subducted beneath the proto-Andean margin
in its Ordovician collision, the Ocloyic orogeny,
just as part of India has been subducted beneath
Asia. It is notable that the part of the Pacific
margin of Gondwanaland opposed to the Ouachita
embayment in this reconstruction does not show
the effects of the Cambrian subduction-related
magmatism and deformation that characterizes
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the Delamerian-Ross orogen of eastern Australia–
Antarctica and the proto-Andean margin of South
America. Hence the transition from rift to drift
may have been delayed into the Cambrian in the
area of the Ouachita embayment and the Natal
embayment between Antarctica and Africa as
Laurentia rotated counterclockwise away from the
proto-Andean margin to open the Iapetus Ocean
basin (Dalziel 1997).

Neoproterozoic opening of the Pacific

Ocean basin and amalgamation of

Gondwanaland and Pannotia

If East Antarctica and Australia were indeed juxta-
posed with the proto-Cordilleran margin of Lauren-
tia within Rodinia, it is necessary to demonstrate
how they could have amalgamated with the

Fig. 6. Reconstruction at 1100 Ga showing East Gondwana (Australia and East Antarctic Mawson craton) in the
SWEAT fit of Moores (1991) and Dalziel (1991) with respect to Laurentia, and the Kalahari craton and Coats Land
crustal block positioned using the palaeomagnetic poles of Hanson et al. (2004) for the Kalahari craton (Umkondo large
igneous province) and Laurentia (Keeweenawan large igneous province), and the palaeomagnetic pole of Gose et al.
(1997) for the Coats Land block (granophyre and rhyolite of the Littlewood and Bertrab nunataks). The mean poles are
shown colour-coded with their alpha 95 circle of confidence.
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Fig. 7. (a) Reconstruction of Laurentia juxtaposed with the newly assembled Gondwanaland to form Pannotia at the
start of the Phanerozoic (c. 545 Ma) as discussed in text. Note the palaeomagnetically determined position of the Coats
Land tectonic tracer for Laurentia (Fig. 6) is in keeping with its position in Gondwanaland ‘inboard’ of the
Ellsworth-Whitmore mountains crustal block of Antarctica (Dalziel 1992b). The reconstruction also shows the
small-circle motion (rotation) of the East Antarctic craton and Australia during break-up of Rodinia, opening of the
Pacific Ocean basin and closing of the Mozambique Ocean basin between 750 and 545 Ma. C, Cuyania terrane
(restored); CL, Coats Land; E, Ellsworth-Whitmore mountains block (restored); EAO, East African orogen; FI,
Falkland Islands (Lafonian) block (restored); SF, Sao Francisco craton; SP, stage pole for rotation. (b) Hypothetical rate
of motion of East Antarctica with respect to South America during the period shown in Figure 7a compared with their
measured rates of relative motion during the Mesozoic–Cenozoic break up of Gondwanaland.
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cratons of West Gondwanaland by the end of the
Ediacaran or Early Cambrian at latest. The basic
concept is that this involved opening the Pacific
Ocean basin and closing up the hypothetical
Mozambique Ocean basin between east and west
Gondwanaland along the East African orogen
(Dalziel 1991, 1997; Hoffman 1991).

The simplest paths for the rotation of two points
in East Gondwanaland to have taken in such a
rotation are shown on Figure 7a. Comparison of
the necessary rates of motion for breakup of
Rodinia at c. 750 Ma and amalgamation, or near
amalgamation, of Pannotia by the end of Precam-
brian times show that on average they need not
have been any faster than the measurable rates at
which the continents moved during the Mesozoic–
Cenozoic break up of Gondwanaland (Fig. 7b).

Pannotia to Pangaea

The Precordillera of northwestern Argentina with its
fauna identical to that of both the Durness succes-
sion and the Cambrian-Lower Ordovician Lauren-
tian craton cover is the tectonic tracer which
seems to track the location of Laurentia with
respect to Gondwanaland between the time of
breakup of Pannotia at the end of the Ediacaran
into the Cambrian and the amalgamation of
Pangaea at the end of the Palaeozoic. The Precordil-
lera is now recognized to be part of a larger terrane–
the Cuyania terrane of Ramos (2004). Its Laurentian
affinities are now known to extend to the age and
lead isotope composition of the basement to the
Cambro–Ordovician succession (Kay et al. 1996).
Astini (1998), Keller (1999) and Dickerson &
Keller (1998) noted the similarity of the stratigraphy
of the Precordillera with that of the southern
Appalachians and the Marathon-Solitario basin of
trans-Pecos Texas in the Ouachita embayment of
Laurentia, while Rapalini & Astini (1998) have
obtained palaeomagnetic data confirming that an
early Palaeozoic location close to the Ouachita
embayment was likely.

Controversy has surrounded the interpretation of
the age of detrital zircons in strata of the Precordil-
lera, and Finney (2007) has argued strongly for deri-
vation from Gondwanaland rather than Laurentia, at
the same time playing down the Laurentian faunal
affinities of the Precordilleran strata. However, the
discovery of Salterella in the Cambrian strata
(Astini et al. 2004) emphasizes the fact that the Pre-
cordilleran succession, like the Durness succession
of the NW Highlands of Scotland, has a distinctively
Laurentian fauna, and and that the Precordillera was
therefore part of a terrane – the Cuyania terrane of
Ramos (2004), tectonically derived from the Laur-
entian craton sometime after the deposition of the

Lower Ordovician strata. Moreover, Dickerson
(2010) points out that zircons to which Finney
ascribes a Gondwana provenance could in fact
have come from Laurentia.

There is also controversy surrounding the
manner of tectonic transfer of the Cuyania terrane
from Laurentia to the proto-Andean margin of
Gondwanaland. Most workers have advocated
displacement across the Iapetus Ocean basin as an
independent microcontinent (e.g. Astini et al.
1995; Thomas & Astini 1996). The alternative of
transfer in a continent–continent collision, akin to
the transfer of the Adriatic promontory of Africa
to Europe during the Alpine orogeny (Dalla Salda
et al. 1992a, b; Dalziel et al. 1994) has found
fewer adherents despite difficulties with the plate
tectonic mechanisms associated with the microcon-
tinent hypothesis. Notably the latter requires a ridge
crest jump from the middle of the Iapetus Ocean to
1000 km into the Laurentian craton (Dalziel 1997).
Recent discoveries of volcanic rocks in the Mara-
thon basin of trans-Pecos Texas (Fig. 3) may help
to resolve this issue. Dickerson (2010) suggests
that the Cuyania terrane separated from the
Ouchita embayment of Laurentia in a dextral trans-
tensional event. This would be in keeping with the
palaeomagnetic data (Rapalini & Cingolani 2004)
and the limited evidence for oceanic crust of an
appropriate age between Laurentia and Cuyania. It
is also consistent with the generally dextral motion
of Laurentia with respect to the proto-Andean
margin implied by the so-called ‘end run’ hypoth-
esis that Laurentia moved clockwise around the
South American margin of Gonwanaland from the
breakup of Pannotia to the amalgamation of
Pangaea (Fig. 8; Dalziel 1991, 1997; Dalziel et al.
1994).

The Ordovician strata of the Cuyania terrane
contain prominent K-bentonite (altered volcanic
ash) layers. These are also well known in the Ordo-
vician strata of the central Appalachians and interior
of the Laurentian craton (Huff et al. 1998).
However, they occur at different stratigraphic
levels: Floian through Dariwillian (Lower
Arenig-Llanvirn) in the case of the Cuyania
terrane, but Lower Katian (Upper Cardocian) in
Laurentia, approximately 14 million years
younger. The Famatinian volcanic arc, along the
Gondwanaland margin immediately to the north
and east of the present position of the Cuyania
terrane, has been identified through geochemical
analysis and radiometric age dating (U–Pb in
zircons) as the likely source of the ash beds in the
Cuyania terrane (Fanning et al. 2004). Dickerson
(2010) has noted the presence of volcanic rocks and
ash beds in the Fort Pena Formation of the Marathon
basin of Texas. The Cambrian–Ordovician strata
outboard of the cratonic platform carbonate cover
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of west Texas is characterized by siliciclastic and
carbonate rocks implying offshore or outer shelf set-
tings under unstable tectonic conditions. Palaeocur-
rent data as well as the presence of volcaniclastic,
metaigneous and metasedimentary detritus in the
sandstones lend support to the concept of an enig-
matic eastern landmass ‘Llanoria’ that dates back
to the 1920s (Fig. 9; see Dickerson 2010, for an
account of the history of research on this topic).

It now seems likely from the presence of the
Cuyania terrane tectonic tracer from Laurentia
along the proto-Andean margin with K-bentonites

of the same age as the volcanic deposits of the
Famatinian arc and those of west Texas, that
Llanoria (Fig. 10) may still have been part of Laur-
entia when subducted along the proto-Andean
margin in the mid-Ordovician prior to transten-
sional separation. Again, this is in keeping with
the palaeomagnetic poles for Cambrian and
Lower Ordovician strata from the Cuyania terrane
(Rapalini & Cingolani 2004). Hence the Iapetus
Ocean basin may have been narrow. Indeed, this
seems to be borne out in the near contemporaneity
of the arc-continent collisions in South America

Fig. 8. Reconstruction showing the suggested motion of Laurentia with respect to Gondwanaland from the breakup of
Pannotia until the assembly of Pangaea, the so-called ‘end-run’ hypothesis (Dalziel 1991, 1997; Dalziel et al. 1994).
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Fig. 9. The hypothetical land mass of Llanoria off the trans-Pecos Texas margin of the Laurentian craton in Early
Ordovician times (King 1937). (a) Marathon-Solitario basin; (b) volcaniclastic, metaigneous and metasedimentary
detritus from Llanoria; (c) Laurentian carbonate platform.

Fig. 10. Restoration with respect to the Marathon-Solitario basin of the Argentine Precordillera (Cuyania terrane) as
Llanoria along the Laurentian margin during early Palaeozoic times according to Dickerson (2010); see text
for explanation.
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(Ocloyic), North America (Taconian), and the
British Isles (Grampian). It is unlikely that island
arcs and other crustal blocks, having traveled inde-
pendently across a wide ocean basin in different

directions, would have collided with the opposite
continental margins at almost exactly the same
time (Dalziel 2001). Thomas et al. (2002) have
argued against the continuity of the Famatinian

Fig. 11. (a) Motion of Laurentia during the hypothetical ‘end-run’ around the South American margin of
Gondwanaland from the breakup of Pannotia to the amalgamation of Pangaea (Fig. 8). (b) Hypothetical rate of motion of
Laurentia with respect to South America during the period shown in Figure 11a compared with their measured rates of
relative motion during the Mesozoic–Cenozoic break up of Pangaea.
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and Taconic orogens. However, as the colliding
terranes were discrete crustal blocks, no orogenic
continuity is implied by the ‘narrow Iapetus’ model.
The hypothetical supercontinent fleetingly com-
bining Laurentia and Gondwanaland at the time
of the proposed Ordovician collision has been
called Artejia for this possible Argentine–Texan
tectonic interaction (Dalziel 1997).

The motion of Laurentia relative to Gondwana-
land from the breakup of Pannotia to the amalgama-
tion of Pangaea is shown in Figure 11a. With the
exception of one time interval (545–515 Ma), this
so-called ‘end run’ of Laurentia around the South
American margin, including the hypothetical Ordo-
vician collision, does not require any rate of relative
motion higher than that measured for plate motion
during the Mesozoic and Cenozoic breakup of
Pangaea (Fig. 11b). The unusually fast motion
shown during the Cambrian period reflects the
existing palaeomagnetic data. As noted by Meert
et al. (1993), this relatively fast rate of Laurentia’s
motion from the margin of the newly assembled
Gondwanaland to the Equator is akin to the measur-
able motion of India from East Antarctica during
the Mesozoic and early Cenozoic, part of Alfred
Wegener’s ‘Poleflucht’ (Flight from the Poles;
Wegener 1915).

Conclusion

The presence in Antarctica and South America of
several identifiable fragments of the Laurentian
craton provide a time–space framework for recon-
structing Rodinia, for understanding the tectonic
transition from Rodinia to the latest Precambrian
assembly of Gondwanaland and for understanding
the tectonic transition leading to the amalgamation
of Pangaea at the end of Palaeozoic times. Just as
the fauna and lithology of the Cambro–Ordovician
strata overlying the Hebridean shield, the north-
west foreland of the Caledonian orogen, led Benja-
min Peach, John Horne and their colleagues to
appreciate their Laurentian affinities, thus lead-
ing eventually to understanding of the early Ceno-
zoic relationship of northern Europe and North
America, so various geological, geochemical and
geophysical characteristics of these other tectonic
tracers are strong clues to pre-Pangaea palaeogeo-
graphy. Most of the Mawson craton of East Antarc-
tica seems to have been an extension of the
Laurentian craton prior to the Early Neoproterozoic
opening of the Pacific Ocean basin. Coats Land at
the head of the Weddell Sea appears to be a small
fragment of Laurentia. It was sutured to east
Gondwanaland along the East African orogen as
the Mozambique Ocean closed. Separation from
the Texas margin occurred after this end-Precam-
brian juxtaposition of the newly amalgamated

Gondwanaland with Laurentia to form Pannotia, an
ephemeral ‘all southern’ supercontinent, possibly
with Mediterranean-type internal oceanic basins.
The presence in northwestern Argentina of the
Cuyania terrane, apparently rifted from the Ouachita
embayment of Laurentia during the Cambrian–
Early Ordovician, indicates that Laurentia passed
along the proto-Andean margin on its way to the
assembly of Pangaea at the close of the Palaeozoic
Era, possibly colliding with Gondwanaland in the
mid- to Late Ordovician to form another ephemeral
supercontinent, Artejia.

Several different reconstructions of Rodinia
have been published to date, and all are testable by
various techniques. The three tectonic tracers for
Laurentia discussed here, the East Antarctic
craton, the Coats Land crustal block at the head
of the Weddell Sea and the Cuyania terrane of
Argentina provide a coherent time-space scenario
for understanding global palaeogeography during
the Neoproterozoic and Palaeozoic eras. They do
not require rates of plate motion significantly
exceeding those that have been measured for
Mesozoic and Cenozoic time. These tracers appear
to be as critical for understanding pre-Pangaea
palaeogeography as was the North-West Highlands
tracer, identified in the 1907 memoir of the British
Geological Survey by Benjamin Peach, John Horne
and their colleagues, for reconstructing Pangaea
itself.

Most of the background work for this contribution was sup-
ported by the United States National Science Foundation. I
thank my colleague L. Gahagan for help with reconstruc-
tions and calculation of rates of plate motion through the
industry-sponsored PLATES Project at the Institute for
Geophysics, University of Texas at Austin. J. Goodge
and B. Murphy significantly improved the paper through
their highly constructive reviews. P. Dickerson shared
her unpublished observations on the volcanic rocks of
trans-Pecos Texas. University of Texas Institute for
Geophysics contribution number 2070.
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Abstract: The Himalaya-Tibet and Caledonide orogens are comparable in scale and are similar
in various aspects. Regional suture zones are recognizable in both, although their identification
is more problematic in the deeply eroded Caledonide orogen. Crustal-scale thrust belts, regional
Barrovian metamorphism characterized by clockwise P–T paths, and migmatitic cores with crus-
tally-derived leucogranite complexes are the dominant structural feature of both orogens. Both
orogens also record calc-alkaline magmatism attributed to subduction activity prior to collision.
Syn-orogenic extension accompanied crustal thickening in both orogens, however, the Caledo-
nides also have a protracted record of late- to post-orogenic extension that is attributed to litho-
spheric delamination in combination with oblique plate divergence. The oblique nature of the
Caledonian collision is also reflected in the development of regionally significant sinistral
strike-slip faults and shear zones, whereas such structures are apparently not as significant
within the Himalayan orogen. The major difference between the two orogens relates to their con-
trasting gross structure: the Caledonides has bivergent geometry with thrust belts developed in the
pro- and retro-wedges, whereas the Himalaya has a thrust belt located only in the pro-wedge
segment. These differing geometries are probably explicable with reference to pre-collision con-
trasts in rheology and/or inherited structures. As such, there is no reason to suggest that either
example should be viewed as being a ‘typical’ product of collisional orogenesis – they likely
represent end-members of a range of possible orogenic profiles.

Many ancient orogenic belts have been inferred to
result from the collision of two continental plates
by ‘Himalayan-type’ plate collisions. Possible
examples include the Trans-Hudson belt in northern
Canada (St-Onge et al. 2006) and the Limpopo belt
of South Africa–Zimbabwe (Shackleton 1986; de
Wit 1998). Inevitably many such older orogens
have been broadly compared to the Himalayan
orogen, which forms the present-day type example
of a continent–continent collision zone.

A number of first-order features can be said to
characterize a continent–continent collision belt
(e.g. Searle 2007).

1. A regional suture zone marked by remnant
ophiolites, accretionary prisms and/or deep-
sea sedimentary rocks, as well as evidence for
high-pressure metamorphism.

2. Large-scale folds and thrusts indicating signifi-
cant amounts of crustal shortening and thicken-
ing. Thrusting usually develops in a foreland
propagating sequence.

3. Regional high-grade metamorphic terrane in
the hinterland consisting of Barrovian (high

temperature–medium pressure) or Buchan
(high temperature–low pressure) facies meta-
morphic rocks.

4. A migmatitic core with in situ crustal melting if
composition, fluid control and P–T conditions
are suitable, leading to widespread formation
of crustal melt granites that are distinct from
the subduction-related melts that might be
expected to pre-date continental collision.

5. Crustal scale, ductile extensional shear zones
that may develop at various stages during
orogenesis.

6. Strike-slip faults that are likely to be of greatest
significance in oblique collision zones.

7. A prominent flexural foreland basin resulting
from orogenic loading along the footwall of
the youngest thrust, accumulating erosional
debris derived from the rising orogen.

In this paper we summarize these and other
aspects of the Himalaya–Tibetan orogen of Nepal–
Tibet and NW India and compare them to obser-
vations in the now dispersed and more deeply eroded
Lower Palaeozoic Caledonian mountain belt of
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Tectonics and Mountain Building: The Legacy of Peach and Horne. Geological Society, London, Special Publications,
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Scotland, Scandinavia and East Greenland. Such
comparisons enable assessment of the notion, from
a field-based, geological-process orientated view,
that continental tectonic processes have been
largely constant through geological time (e.g.
Bleeker 2002; McCall 2003; Stern 2005). Ancient
orogens such as the Caledonides have probably
lost up to 20–30 km of material eroded from
upper crustal levels and may therefore yield
insights into the likely composition and structure
of the middle to lower crust underneath contem-
porary mountain belts such as the Himalaya
(Searle 2007).

Tectonic framework

Both the Himalaya–Tibetan orogen and the Caledo-
nides resulted from the closure of wide oceanic
tracts and the collision of continental plates. In the
case of the Himalaya, the closure of the Tethys
Ocean during the collision of India with Asia
resulted in the approximately orthogonal collision
of a passive continental margin (Indian plate) with
an active Andean-type continental margin (Asian
plate). The southern margin of the Asian plate
(Fig. 1a) may have had a crustal thickness and
elevation similar to the present-day Andes, prior to
the Indian plate collision (England & Searle
1986). The Caledonides resulted from closure of
the Iapetus Ocean and the consequent oblique
collision of three continental blocks, Laurentia,
Baltica and Avalonia (Pickering et al. 1988; Soper
et al. 1992; Dewey & Strachan 2003). The final
stages of collision overlapped the early stages of
development of the Variscan orogen in central
Europe, and thus the Caledonides can be viewed
as an early stage in the development of Pangea.
The main components of the Caledonides are
now dispersed on either side of the North Atlantic
Ocean in Scotland, East Greenland and Scandinavia
(Fig. 1b) and tectonic models are inevitably less
well constrained than those for the Himalaya. A
critical comparison of the two orogens will therefore
prove useful in characterizing the geological pro-
cesses that occur in convergent orogens.

In both orogens, the main period of continent–
continent collision was preceded by some 40–80
million years by accretion of island arcs and micro-
continental fragments to continental margins. In
the Karakoram–Ladakh area (Fig. 1a), accretion
of the Kohistan island arc with the Asian margin
probably occurred at c. 100–80 Ma (Fraser et al.
2001). In the Caledonides, early stages of arc-
continent collision occurred during the Late
Cambrian to Early Ordovician on both margins of
the Iapetus Ocean. On the Laurentian margin, this
corresponds to the Grampian event dated at
c. 470 Ma (Lambert & McKerrow 1976; Dewey &

Shackleton 1984; Soper et al. 1999; Oliver 2001;
Dewey 2006) which is an extension of the Taconic
event in the Appalachian orogen to the west. The
corresponding events on the Baltica margin are
the Finnmarkian (c. 505 Ma; Sturt et al. 1978;
Dallmeyer & Gee 1986; Sturt & Roberts 1991)
and Trondheim (c. 480–475 Ma; Eide & Lardeaux
2002) events.

In the Himalaya, continental collision, dated by
the last occurrence of marine sedimentation along
the Indus suture zone (Searle et al. 1987, 1997a;
Green et al. 2008) and a clear reduction in the vel-
ocity of northward Indian plate motion (Klootwijk
et al. 1992) occurred in the Lower Eocene at
c. 50 Ma (Fig. 2). Initial subduction processes
leading to ultra high pressure (UHP) facies eclogite
metamorphism and coesite formation along the
leading edge of the down-going Indian plate
(47 Ma; Parrish et al. 2006) were followed by
crustal thickening, development of the Tibet
Plateau, and in situ crustal melting (22–17 Ma;
Searle et al. 2006) (Fig. 2). Total crustal shortening
across the Himalaya could be as much as 700–
1000 km (Searle 2007). Orogen-parallel displace-
ments occur on regional-scale strike-slip faults
(e.g. the Karakoram Fault) that bound the Tibet
Plateau, although the tectonic significance of these
structures is controversial (e.g. Molnar & Tappon-
nier 1975; Peltzer & Tapponnier 1988; Armijo
et al. 1989; Searle et al. 1998; Phillips et al. 2004).

In the Caledonides, palaeomagnetic and
geochronological constraints suggest that oblique
collision of Laurentia with a loosely coupled
Baltica-Avalonia continental block occurred as a
result of the NW-directed subduction of Iapetan
oceanic crust during the Silurian to Lower Devonian
at c. 435–400 Ma (Dewey & Strachan 2003).
The main phase of mountain building in NW
Scotland (¼ Laurentia) and East Greenland
(¼ Laurentia) and Scandinavia (¼ Baltica) is
termed the ‘Scandian’ event (Gee 1975). This is
attributed to west-directed subduction of oceanic
crust and eventually the Baltica-Avalonia margin
under Laurentia (Griffin et al. 1985; Hossack &
Cooper 1986; Andersen et al. 1991). In both East
Greenland and Scandinavia, continental collision
was associated with eclogite formation and UHP
metamorphism and various strike-slip faults and
low-angle shear zones have accommodated orogen-
parallel displacements.

An important difference between the Himalaya-
Tibet and the Caledonides which is immediately
apparent relates to their longevity: whereas the
Himalaya preserves a record of over 50 million
years of plate convergence which continues to the
present day, the record of plate convergence
within the Caledonides lasted no more than 35
million years.
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Fig. 1. Geological and structural framework of the Himalaya (a) and Caledonides (b). Continental positions in (b) have
been restored to their positions prior to Atlantic opening; configuration after Le Pichon et al. (1977).
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Regional suture zones

In principle, suture zones within collisional orogens
might be identified by the presence of ophiolites,
deep sea sediments and accretionary prisms. Two
different types of sutures are present in both the
Himalaya and Caledonides, the first associated
with early phases of arc-continent collision, and
the second with the main phase of continent–
continent collision.

Within the Himalaya, suture zones are well
exposed and their tectonic significance is unambigu-
ous. For example the Shyok suture zone in NW
India divides the Kohistan–Ladakh–Dras arc
terrane from the more northerly Karakoram
terrane. This suture zone marks the line of collision
at c. 100–80 Ma of the Kohistan arc with the Asian

plate. Further south, the Indus-Tsangpo suture
marks the main collisional boundary between the
Asian and Indian plates (Fig. 1a). The entire Hima-
laya as well as the southernmost Tibetan Plateau is
composed of Indian plate rocks. The suture zone is
marked by sporadic outcrops of highly dismem-
bered ophiolites, and occasional blueschist facies
rocks enclosed in melanges associated with deep
sea sedimentary sequences (Figs 1a & 2). Obduction
of the Spontang Ophiolite (Fig. 1a) onto Tethyan
deep water sediments began in the Late Cretaceous
and may have continued through to the Paleocene
(Corfield et al. 1999, 2001). A major phase of
upper crustal shortening by folding and thrusting
occurred during this ophiolite obduction phase,
prior to the India–Asia collision (Searle et al.
1997a). The sediments of the suture zone and the

Indus Tsangpo suture zone

Tethyan zone

Greater Himalaya

Lesser Himalaya

Oceanic crust and 
ophiolite fragments

Magmas

Subduction of Indian Basement

S N

100–60 M
a

60–40 M
a

40–30 M
a

25–16 M
a

MHT

16–0 M
a

Indian passive margin Obduction of ophiolites

Andean type margin 
of Asian plate

Continental
collision

Folding of Tethyan
shelf sediments

Crustal thickening
Formation of Tibetan Plateau

Channel Flow:
Mid crustal exhumation

STD

MCT Crustal melting

MHT

STD

MCT
MBTMFT

Foreland thrust
propogation

Zone of partial melting in mid crust

30–25 Ma
Zone of partial melting 

in the mid crust ‘tunnels’ 
to the surface due to 

coeval STD-MCT movement

‘PRO-WEDGE’ ‘RETRO-WEDGE’

Fig. 2. Tectonic model for the evolution of the Himalaya (compiled from Searle et al. 1997a; Beaumont et al. 2001;
Corfield et al. 2001).
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Tethyan Himalaya to the south are Permian to
Early Eocene pelagic marine shelf and deep sea
shales, cherts and turbidites from the North Indian
passive margin that were intensely deformed
during the collision (Searle 1986; Garzanti 1999;
Corfield & Searle 2000; Godin 2003). As a result
of Late Cenozoic north-vergent back-thrusting, the
North India margin now forms a large-scale ‘pop-
up’ structure.

In contrast, interpretation of suture zones within
the Caledonides is rather more complex. Remnants
of ophiolites that were thrust NW towards Laurentia
during the Grampian arc-continent collision occur
in Scotland at Ballantrae, together with blueschist
rocks (Oliver et al. 2000), on Shetland (Garson &
Plant 1973; Flinn et al. 1979; Flinn 1985), and in

the west of Ireland (Dewey & Ryan 1990; Dewey
& Mange 1999) (Figs 1b & 3). The Highland
Boundary-Clew Bay Line (Fig. 1b) lies along the
Grampian suture: to the north are Laurentian meta-
sedimentary rocks of the Dalradian Supergroup and
to the south is the Ordovician Lough Nafooey-
Midland Valley Arc, albeit buried under Devono-
Carboniferous cover in Scotland (Bluck 2002 and
references therein). Various ophiolites that were
likely emplaced onto the continental margin of
East Greenland are now preserved in the
Laurentian-derived Uppermost Allochthon of Scan-
dinavia (Fig. 1b). These ophiolites are similarly
interpreted as having been obducted towards the
NW during the Ordovician, but were subsequently
displaced southeastwards during regional-scale
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Scandian thrusting (Roberts 2003; Roberts et al.
2007). Ophiolites within the structurally underlying
Baltica-derived Upper, Middle and Lower Alloch-
thons were emplaced southeastwards initially
during Finnmarkian or Trondheim arc-continent
collision and then later during the Scandian col-
lision. All of the Scandinavian ophiolites are
therefore presumably far-detached from their
original suture zones.

In Scandinavia, the thrust contact between the
Laurentian-derived Uppermost Allochthon and the
deep-water Iapetan sediments of Baltican affinity
of the Upper Allochthon (Fig. 1b) represents the
Iapetus Suture in a general sense but it is likely
detached from its roots. In the British Isles
(Fig. 1b), the Iapetus Suture is in situ but obscured
by Carboniferous cover. It has been imaged by
deep seismic reflection profiling as a prominent
NW-dipping reflector (Brewer et al. 1983;
Freeman et al. 1988). In its hanging wall, the
Ordovician–Silurian sedimentary rocks of the
Southern Uplands Terrane comprise an accretionary
prism that was under-thrust from the SE by the
descending Avalonian plate (e.g. McKerrow et al.
1977; Leggett et al. 1979; Stone & Merriman
2004). It may rest on a major NW-directed
back-thrust and define a large-scale ‘pop-up’ struc-
ture (Bluck 1984).

The Himalaya–Tibet orogen and the Caledo-
nides therefore, both contain regional-scale suture
zones that have been recognized in different ways.
Early arc-continent sutures are widely developed
within the Caledonides: island arcs were evidently
littered across the Iapetus Ocean, parts of which
may have resembled the present-day SW Pacific
(Van Staal et al. 1998). In contrast, an island arc
was apparently only developed in the Kohistan arc
sector of the contracting Tethys Ocean; the main
continental volcanic arc was developed on the
Asian plate (Fig. 1a). In both orogens, ophiolites
are generally interpreted as having originated in a
supra-subduction zone setting (Figs 2 & 3).
However, in the Caledonides they were entirely
emplaced during arc-continent collisions, whereas
in the Himalaya they were obducted during conver-
gence but prior to the main India-Asia collision
during the Lower Eocene. The reason for the lack
of ophiolites emplaced during the main Laurentia–
Baltica collision is uncertain.

Contractional folds and thrusts

By definition, on a large-scale orogenic belts will be
dominated by contractional structures such as the
regional-scale folds and thrusts that typically
accommodate crustal shortening during both the
arc-continent and continent–continent collision

stages. It is commonly the case that these can be
considerably modified during crustal-scale exten-
sion that either accompanies or postdates thickening
within orogens. Both the Himalaya and the Caledo-
nides contain contractional and extensional struc-
tures, but for the purposes of convenience these
are discussed separately.

The main contractional structures within the
Himalaya are north-dipping, crustal-scale thrusts
that developed during progressive, orthogonal
underthrusting of the Indian Plate to develop the
‘pro-wedge’ side of the orogen (Fig. 2). Although
there is some out-of-sequence thrusting, defor-
mation overall propagated south towards the
Indian foreland. The Himalayan upper crust shows
intense folding and thrusting in Palaeozoic–
Mesozoic sedimentary rocks (Tethyan Himalaya)
whereas the middle crust is represented by the
Greater Himalayan metamorphic sequence of dom-
inantly high-grade Barrovian facies gneisses, mig-
matites and leucogranites. The entire Himalayan
thrust stack probably accommodates at least 500–
750 km of shortening (Searle et al. 1988; Ratschba-
cher et al. 1994; Decelles et al. 2001). The roof
structure to the Greater Himalayan metamorphic
sequence is defined by a north-dipping normal
sense fault and ductile shear zone, the South
Tibetan Detachment. Beneath this are the high-
grade metamorphic rocks of the Greater Himalayan
Series, underlain by the Main Central Thrust shear
zone (Searle et al. 2008 and references therein).
Metamorphic isograds within its hanging wall
were recumbently folded during exhumation
(Searle & Rex 1989) to form an inverted sequence
along the base and a right way-up sequence along
the top of the southward extruding slab. Beneath
the Main Central Thrust is the Lesser Himalayan
Sequence of unmetamorphosed to low-grade meta-
sediments, deformed by upper-crustal, brittle
thrusts (DeCelles et al. 2001). The Main Boundary
Thrust separates these rocks from the underlying
sub-Himalaya, a group of Neogene foreland basin
deposits termed the Siwalik Group (Mugnier et al.
1993). The most southerly thrust now affecting the
Himalaya is the Main Frontal Thrust which is the
active plate boundary between the subducting
Indian plate and the overriding Himalayan–Asian
plate today and the surface along which major earth-
quakes now occur. These major thrusts sole at depth
into the presently active décollement termed the
Main Himalayan Thrust (e.g. Nelson et al. 1996;
Berger et al. 2004). Project INDEPTH (Inter-
national Deep Earth Profiling of Tibet and the Hima-
laya; Zhao & Nelson 1993; Nelson et al. 1996)
imaged a major structure dipping to the north
beneath Tibet which correlated with the Main
Himalayan Thrust. Seismic and earthquake data also
imaged this basal décollement as well as the South

M. J. STREULE ET AL.212



Tibetan Detachment and a possible trace of the Main
Central Thrust (Schulte-Pelkum et al. 2005).

In marked contrast, major thrust belts are devel-
oped on both the Laurentian (retro-wedge) and Bal-
tican (pro-wedge) sides of the Caledonide orogen
(Figs 1b & 3). In both cases, the internal (ductile)
and structurally oldest thrusts are commonly associ-
ated with sinistral oblique transport, reflecting the
overall geometry of plate collision (Soper et al.
1992; Dewey & Strachan 2003). In East Greenland,
Archaean to Palaeoproterozoic basement gneiss
complexes and Meso- to Neoproterozoic/Lower
Palaeozoic cover successions occur in a series of
west-directed Scandian thrust sheets that overlie
para-autochthonous foreland windows and probably
represent c. 200–400 km of shortening (Higgins &
Leslie 2000, 2008). Isotopic ages derived from
syn- to post-kinematic igneous rocks and cleaved
phyllites from the marginal thrust belt constrain
thrusting to the period 430–400 Ma (Dallmeyer
et al. 1994; Andresen et al. 2007). Deformation pro-
pagated towards the foreland and culminated in
development of the thin-skinned fold and thrust
belt of Kronprins Christian Land (Higgins et al.
2004). In NW Scotland, medium- to high-grade
metasediments of the Moine Supergroup were
affected by foreland-propagating Scandian defor-
mation at 435–425 Ma that overprinted the effects
of the Grampian arc-continent collision (Kinny
et al. 1999, 2003; Strachan et al. 2002; Johnson &
Strachan 2006). Internal Scandian ductile shear
zones such as the Sgurr Beag Thrust (Tanner
1970; Rathbone & Harris 1979; Powell et al.
1981; Kelley & Powell 1985; cf. Tanner & Evans
2003) predate the marginal Moine Thrust Belt
(e.g. Peach et al. 1907; Elliott & Johnson 1980)
(Fig. 1b). A total displacement of c. 100–200 km
is likely across these Scandian structures (Elliott
& Johnson 1980; Butler & Coward 1984; Barr
et al. 1986). Although the Outer Isles Thrust
(Fig. 1b) has been viewed as a Caledonian structure
(Kelley et al. 1994), the present consensus is that
this is fundamentally Proterozoic in age and that
the amount of Scandian displacement is relatively
limited (Imber et al. 2002; Sherlock et al. 2009).

In Scandinavia, a distinctive Scandian tectono-
stratigraphy has been identified, comprising
Lower, Middle, Upper and Uppermost Allochthons,
involving several hundred kilometres of crustal
shortening (Roberts & Gee 1985). The Lower and
Middle Allochthons are shelf and continental rise
successions derived from the Baltica margin,
whereas the Upper Allochthon comprises mainly
outboard oceanic (ophiolitic), island arc and mar-
ginal basin associations derived from the Iapetus
Ocean (e.g. Gee 1975; Stephens & Gee 1989;
Perdersen et al. 1992). As mentioned previously,
the Uppermost Allochthon has a Laurentian

ancestry. Scandian deformation is thought to have
propagated SE towards the Baltica foreland until
at least c. 410 Ma (Fossen & Dunlap 2006) and in
the structurally higher thrust sheets overprinted
the effects of the Finnmarkian and Trondheim arc-
continent collisions (Roberts 2003).

Information on the deep crustal structure of
the Caledonides is available only in north Scotland,
although the results are ambiguous. On the MOIST
(Moine and Outer Isles Thrust) deep seismic reflec-
tion profile, prominent reflectors correspond to the
Outer Isles Thrust, as well as a structurally deeper
Flannan ‘Thrust’ and the Moho (Fig. 4b). The
Moine Thrust may be represented by one of
several mid-crustal, east-dipping reflectors located
further to the east (Brewer & Smythe 1984). In
contrast, Butler & Coward (1984) interpret these
reflectors as part of a duplex developed in the foot-
wall to a shallowly-dipping to flat-lying Moine
Thrust located (but not imaged) in the upper crust
(Fig. 4b). Whether the proposed duplex is of Scan-
dian age or older is uncertain, and thus the deep
structure of this part of the Caledonides is still
problematical.

The contractional structures developed within
the Himalaya and the Caledonides are thus very
similar in many respects. Both orogens are domi-
nated by major piles of thrust sheets that typically
developed in a foreland-propagating fashion
during the main continent–continent stage and
accommodated several hundreds of kilometres of
shortening. The structurally highest levels of these
thrust stacks comprise rock units derived from
oceanic tracts and distal parts of continental
margins, in contrast to the lower thrust sheets
which are derived from shelf and continental shelf
successions. However, the major difference
between the two orogens arises from their contrast-
ing symmetry: the Caledonides has bivergent geo-
metry with major thrust belts developed on both
sides of the Iapetus Suture, whereas within the
Himalaya crustal shortening is focused mainly on
the Indian plate (compare Figs 2 & 3).

Regional high-grade metamorphism

Unravelling the metamorphic history of orogens is
commonly difficult because metamorphic assem-
blages formed during continent–continent collision
are commonly superimposed on older minerals
formed during either the arc-continent collision
phase or older and entirely unrelated orogenic
events. Unambiguous assignment of particular
metamorphic assemblages to a given tectonic
event thus requires high-precision isotopic dating
of minerals that can ideally be related to fabrics
identified in the field.

COMPARING TIBET-HIMALAYAN AND CALEDONIAN CRUSTAL ARCHITECTURE 213



Metamorphic studies within the Himalaya have
focused on the Greater Himalayan Sequence
which is remarkably uniform along its length and
commonly exhibits well developed suites of
Barrovian index minerals that can be related to the
main continent–continent collision. Immediately
above the Main Central Thrust, metamorphic
grade rapidly increases structurally upwards from

biotite-garnet grade up to kyanite grade (Fig. 5).
Isograds are telescoped and compressed after peak
metamorphism into a high-strain zone across the
Main Central Thrust (Searle & Rex 1989). In just
a few restricted locations early HP and UHP con-
ditions are recorded in the Himalaya and record
the earliest stages of metamorphism. In the
Kaghan Valley and at Tso Morari P–T conditions

Fig. 4. (a) Summary of the geophysical evidence and interpretation of the deep structure of the Himalaya from project
INDEPTH; from Nelson et al. (1996). MFT, Main Frontal Thrust; MCT, Main Central Thrust; STD, South Tibet
Detachment; LVZ, Low Velocity Layer. (b) Summary of the MOIST profile and interpretation of the deep structure of
the Caledonides (after Brewer & Smythe 1984). M-T, Moine Thrust; OIT, Outer Isles Thrust; FT, Flannan Thrust.
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are quantified at 25.5–27.5 kbar, 720–770 8C and
27–29 kbar, 690–750 8C respectively (O’Brien
et al. 2001; Parrish et al. 2006), dated in Kaghan
to occur at 46.4 Ma (Parrish et al. 2006). The
majority of the Greater Himalayan Sequence,
however, is in the upper amphibolite facies, often
with in situ melt present, and characterized by
clockwise P–T– t paths (e.g. Hodges 2000;

Simpson et al. 2000; Walker et al. 2001; Foster
et al. 2002; Harris et al. 2004; Goscombe et al.
2006; Caddick et al. 2007). Crustal thickening
resulted in peak kyanite grade metamorphism
at 550–680 8C; 9–11 kbar (�33–36 km) at
37–30 Ma (Vance & Harris 1999; Walker et al.
1999), followed by sillimanite grade metamorphism
at 620–770 8C; 4.5–7 kbar (�15–23 km) at
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23–16 Ma (Figs 6 & 7) accompanied by partial
melting and leucogranite formation (e.g. Walker
et al. 1999; Simpson et al. 2000; Viskupic &
Hodges 2001; Harris et al. 2004). Peak sillimanite
grade metamorphism was followed by rapid decom-
pression and cooling. The similarity of numerous
datasets of P–T– t information suggests a uniform-
ity of history of metamorphism along the length of
the range.

Within the Caledonides, on the Laurentian side
of the collision, metamorphic grade in the Moine
Supergroup of NW Scotland increases rapidly east-
ward from the Moine Thrust Zone up structural
section from greenschist to low amphibolite facies,
and then across the Sgurr Beag and Naver thrusts
to middle and upper amphibolite facies (Fig. 8;
Winchester 1974; Fettes et al. 1985). However,
this classic zonation is now known to be composite,
the result of superimposed mid-Neoproterozoic
‘Knoydartian’ (800 Ma), Grampian (470 Ma) and
Scandian (430 Ma) metamorphic events (Powell
et al. 1981; Powell & Phillips 1985; Strachan
et al. 2002; Johnson & Strachan 2006) and is there-
fore of uncertain significance. Nonetheless, a clock-
wise P–T loop was deduced by Friend et al. (2000)
for the Scandian event in northernmost Scotland,
involving peak metamorphic conditions of 5–6
kbar and c. 650 8C (Fig. 6).

The metamorphic evolution of East Greenland is
apparently simpler because it is not complicated by
pre-Scandian events. In the area north of Bessel
Fjord (Fig. 1b), there is an eastward transition
from the unmetamorphosed rocks of the foreland
through successively higher thrust sheets that
record increasing degrees of Scandian metamorph-
ism, culminating in eclogites and UHP conditions
(Gilotti et al. 2008 and references therein). The geo-
metry of the southern part of the orogen is more
complex because of the presence of regional-scale
extensional detachments but essentially records
the same evolution (Gilotti et al. 2008). The
deepest structural levels contain HP relicts and
show a clockwise P–T loop and a steep prograde
path reaching peak pressures of 1.5–2.3 GPa prior
to isothermal decompression (Gilotti & Elvevold
2002). Mid-crustal rocks were characterized by pro-
grade melting at pressures of ,1 GPa and tempera-
tures up to 850 8C, followed by near-isothermal
decompression (Jones & Strachan 2000). Upper
crustal rocks followed a low-pressure isobaric
heating path. Metamorphism of mid- to upper
crustal rocks at 440–415 Ma (Watt et al. 2000;
White et al. 2002) was followed by high-pressure
metamorphism of the structurally deepest rocks at
410–390 Ma (Gilotti & Elvevold 2002). Localized
UHP metamorphism at c. 360–350 Ma is recorded
in the coastal region of NE Greenland (Gilotti
et al. 2004; Gilotti & McClelland 2007).

On the Baltica side of the collision in Scandina-
via, the Caledonian metamorphic history is com-
posite. In the Laurentian-derived Uppermost
Allochthon, there is isotopic evidence for mid- to
Late-Ordovician metamorphism during ophiolite
obduction (Dallmeyer & Andresen 1992; Nordgulen
et al. 1993). This was associated with migmatization
(Yoshinobu et al. 2002) and local formation of
eclogites (F. Corfu pers. comm. in Roberts 2003).
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Evidence for Cambrian-Ordovician Finnmarkian
and Trondheim metamorphic events that similarly
resulted from arc-accretion events but on the
Baltica margin is also evident in the Upper Alloch-
thon (Roberts 2003). These metamorphic assem-
blages are variably overprinted by widespread
Barrovian metamorphism that accompanied Scan-
dian thrusting. Regionally the Scandian nappes
display an inverted metamorphic sequence that
developed during thrusting. The Lower Allochthon
contains largely unmetamorphosed rocks while
grade increases up structural section from greens-
chist in the east to amphibolite in the west in the
Middle Allochthon. The Precambrian basement of
the Western Gneiss Region (Fig. 1b) includes
UHP rocks and eclogites which have yielded U–
Pb and Sm–Nd ages of c. 415–400 Ma and is there-
fore interpreted as a part of the Baltica plate that was
metamorphosed at UHP conditions during subduc-
tion to depths of c. 125 km (e.g. Mearns 1986;

Wain 1997; Terry et al. 2000; Carswell et al.
2003; Root et al. 2004; Tucker et al. 2004; Young
et al. 2007). P–T– t paths are clockwise with peak
eclogite facies metamorphism at pressures of up to
28 kbar followed by rapid decompression and
cooling (Fig. 6; Smith 1995; Wain 1997).

In summary, the Himalaya and the Caledonides
have broadly similar metamorphic histories invol-
ving regional Barrovian metamorphism, clockwise
P–T– t paths, and near isothermal decompression
(Fig. 6). The main difference between the two
orogens arises from the common exposures of
large tracts of eclogite and UHP rocks within parts
of the Caledonides. High-grade metamorphic
rocks are presumably forming at the present day at
low to mid-crustal levels beneath the Himalaya
and Tibet but have yet to be exhumed to the
surface in large quantities; a variety of felsic
granulites and crustal mafic xenoliths formed at
22–26 kbar occur in 12.7 Ma ultra-potassic dykes
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from Schrärer (1984), Searle et al. (1997a, b, 2003), Corfield et al. (1999, 2001), Vance & Harris (1999), Walker
et al. (1999), Simpson et al. (2000), Searle & Szulc (2005) and Sakai et al. (2006). Data for the Caledonides from
Bluck et al. (1980), Coward (1990), Kinny et al. (1999, 2003), Friend et al. (2000) and Fossen (2000). See text for
additional data and discussion.

COMPARING TIBET-HIMALAYAN AND CALEDONIAN CRUSTAL ARCHITECTURE 217



in Southern Tibetan indicating that crustal thickness
in southern Tibet reached c. 80 km at least by
Miocene time (Chan et al. 2009). The Caledonides
therefore give insights as to the likely nature of
present-day Asian and Indian crust at deep levels
beneath the Himalaya and Tibet. Until relatively
recently, it was generally assumed that eclogite
and UHP metamorphism would be restricted to the
down-going continental slab in a collision zone
(i.e. the Baltica and Indian plates in the orogens
under discussion). However, the discovery of Scan-
dian eclogites within East Greenland shows that the
over-riding plate in a continent–continent collision
can also be characterized by such metamorphic
conditions (Gilotti & McClelland 2007).

Migmatite cores and magmatism

Any collisional orogen is likely to contain a wide
variety of magmatic suites. Subduction-related
magmas are likely to be emplaced into the over-
riding plate during and after collision. These melts
will be distinct in their chemistry, composition

and field relations from the crustally-derived gran-
ites that commonly form within the high-grade
core of an orogen, provided protolith composition,
fluid control and P–T conditions are appropriate.
The terminal stages of magmatism in a collisional
orogen may result from lithospheric melting
following crustal delamination.

Along the southern margin of the Asian plate,
widespread calc-alkaline magmatism occurred
above the northerly-subducting Tethys Ocean
before the collision of India, to form the Andean-
scale Trans-Himalayan batholith (Weinberg &
Dunlap 2000). The oldest rocks are dated at
120 Ma (Xu et al. 1985) and the youngest are
c. 50–49 Ma (Honegger et al. 1982; Scharer et al.
1984). Because the Laurentian side of the Caledo-
nide orogen was located above a westerly-dipping
subduction zone, it also incorporates subduction-
related calc-alkaline plutons that were emplaced
at 450–425 Ma prior to continental collision
(Oliver 2001; Strachan et al. 2002; Fowler et al.
2008; Kalsbeek et al. 2008). However, these are
volumetrically much less significant than the scale
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of analogous magmatism on the Asian plate,
perhaps because of the short time-scale associated
with the final closure of Iapetus or factors associated
with the dynamics of subduction.

Both the Himalaya and the Caledonides contain
excellent examples of high-grade migmatitic cores
with evidence for widespread in situ crustal
melting. Within the Greater Himalaya Sequence,
peak sillimanite grade conditions persisted for
some time (24–16 Ma) in source rocks that are
highly Al-rich; biotite and tourmaline are common
in the granites produced. P–T conditions coincide
with muscovite dehydration melting conditions
that would occur at mid-crustal depths (Petö 1976;
Patino-Douce & Harris 1998). At the top of the
Greater Himalaya Sequence, melts are widespread
with dykes and sills coalescing upward to form
leucogranites many kilometres thick (Searle et al.
1997b, 1999, 2003). These leucogranites have
high 87Sr/86Sr ratios (0.74–0.79), indicating a
100% crustal protolith (Deniel et al. 1987; Harris
et al. 1995). U–Pb crystallization ages of leucogra-
nites in eastern Nepal range from 24–16.8 Ma (e.g.
Schärer et al. 1984, 1986; Searle et al. 2003). U–Pb
age determinations for peak metamorphism in the
Everest region indicate monazite and xenotime
growth at 22–23 Ma (Simpson et al. 2000) and
c. 25 Ma (Viskupic & Hodges 2001). Thus peak
metamorphism and leucogranite production were
contemporaneous (e.g. Searle et al. 2010).
Imaging of the Tibetan deep crust has revealed
seismic ‘bright spots’ thought to represent crustal
melts analogous to the leucogranites found at
surface outcrop (Wei et al. 2001; Klemperer 2006;
cf. Harrison 2006).

Apparently analogous suites of leucogranites
were formed in the East Greenland Caledonides
by widespread migmatization of the Al-rich pelites
of the Mesoproterozoic Krummedal Succession
during Scandian crustal thickening at 435–425 Ma
(Andresen et al. 1998, 2007; Watt et al. 2000;
Kalsbeek et al. 2001, 2008; Strachan et al. 2001).
There is every transition from lit-par-lit migmatites
with abundant segregation veins to major leucogra-
nite plutons comparable in scale to those of the
Himalaya. The East Greenland leucogranites have
87Sr/86Sr ratios similar to their Himalayan counter-
parts (0.72–0.74), and it is also considered that
melting was aided by externally-derived H2O-rich
fluids (Kalsbeek et al. 2001). No comparable mig-
matite complexes or leucogranites were formed
during the Scandian collision in either NW Scotland
or Scandinavia – either P–T conditions were not as
elevated, pelites were not as Al-rich or there was
less fluid activity.

In both Tibet and the Caledonides there is
evidence of significant magmatism that postdates
the main period of collision. Numerous adakitic

intrusions and shoshonitic ultra-potassic volcanic
rocks occur across the entire Tibetan Plateau since
c. 40 Ma (Turner et al. 1993; Chung et al. 1998,
2005). In Scotland, widespread late- to post-tectonic
calc-alkaline magmatism of the ‘Newer Granite’
suite occurred at c. 425–415 Ma (Oliver 2001;
Strachan et al. 2002; Fowler et al. 2008; Neilson
et al. 2009). In both cases, these late- to post-
collisional alkaline to calc-alkaline magmas have
been interpreted as resulting from crustal delamina-
tion and consequent mantle melting (Schott &
Schmelling 1998; Atherton & Ghani 2002). In
Tibet the adakites represent melting of garnet-
bearing lower crust with some mantle derived
heat. The greater abundance of these plutons in
Scotland could simply be a function of erosion
level, with similar intrusions currently residing at
depth within mid-crustal levels of the Tibet Plateau.

In summary, both orogens contain evidence for
the generation of pre-collision, subduction-related
calc-alkaline magmas, syn-collision crustal-derived
leucogranites, and late- to post-collision highly
alkaline to calc-akaline magmas probably related
to unstable mantle conditions. Such differences as
do exist can be ascribed to such factors as the differ-
ing time scales involved and contrasting levels
of erosion.

Extensional shear zones and faults

It is now well known that orogenic thickening can be
accompanied and/or followed by the development
of regionally significant extensional shear zones
and detachment faults (e.g. Burchfield & Royden
1985; Dewey 1988; Lister & Davis 1989). Mala-
vieille (1993) suggested that these form in two
contrasting tectonic settings: 1) synchronous with
crustal thickening because a critical elevation is
attained; and 2) at the end of orogeny due to
crustal delamination and/or slab break-off.

In the Himalaya, the mid-crustal rocks of the
Greater Himalayan Sequence are overlain by a major
low-angle, north-dipping extensional shear zone, the
South Tibetan Detachment (e.g. Burchfield et al.
1992; Cottle et al. 2007). Extension along the
South Tibetan detachment does not reflect whole
crust or whole lithosphere extension, but is related
to extrusion of the Greater Himalayan footwall
rocks beneath this passive roof fault. This separates
the Greater Himalayan Sequence from structurally
overlying unmetamorphosed to low-grade Tethyan
rocks. The total dip-slip displacement on the shear
zone is estimated at c. 100 km (Burchfield et al.
1992; Searle et al. 2002, 2003). Simultaneous dis-
placement on the Main Central Thrust and the
South Tibetan Detachment from c. 20 Ma resulted
in southward ductile extrusion and exhumation of
the Greater Himalayan Sequence (e.g. Searle et al.
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2003, 2006; Law et al. 2004; Searle & Szulc 2005;
Godin et al. 2006). This coincided with peak meta-
morphism and the main phase of pre- to syn-
kinematic mobilization of leucogranites (Simpson
et al. 2000; Viskupic & Hodges 2001; Searle et al.
2003; Viskupic et al. 2005). Multi-system thermo-
chronology (U–Th–Pb, 40Ar/39Ar, FT) indicates
rapid cooling from 20–14 Ma at rates of .90 8C
per million years, which could only be caused by
rapid tectonic unroofing (Hubbard & Harrison
1989; Searle et al. 1997b). The upper parts of the
Greater Himalayan Sequence have a right-way-up
metamorphic sequence and top-to-the-north sense
of shear indicators (Fig. 9). Vorticity analysis
shows an upward change from approximately
equal contributions of pure and simple shear to an
almost wholly simple shear component near the
South Tibetan Detachment in the Everest region
(Law et al. 2004; Jessup et al. 2006). The exhuma-
tion of ductile mid-crustal material from beneath the
Tibetan Plateau (Fig. 2) by simultaneous thrusting
(Main Central Thrust) and extension (South
Tibetan Detachment) has been modelled in a
thermo-mechanical sense as ‘channel flow’
(Fig. 9; Beaumont et al. 2001, 2004; Grujic et al.
2002; Grujic 2006).

There is also widespread evidence for develop-
ment of extensional shear zones in the Caledonides,
although not necessarily active as part of a ‘channel

flow’ system sensu stricto. In Scandinavia, com-
pressional fabrics in the thrust nappes are widely
overprinted by extensional fabrics (Fossen 1992,
2000, 2010). SE-directed thrusting was followed at
c. 400 Ma by a reversal of shear sense or ‘backslid-
ing’ (Fossen 1992; Milnes et al. 1997; Fossen &
Dallmeyer 1998; Fossen & Dunlap 1998). This
was followed rapidly in SW Norway by develop-
ment of steeper extensional shear zones that transect
the thrust nappes and extend into the basement
(Fossen 1992). These include the crustal-scale
Hardangerfjord and Bergen Arc shear zones
(Fossen & Hurich 2005), the Karmoy Shear Zone
and the Nordfjord-Sogn Detachment Zone. Analo-
gous structures in central Norway include the
Høybakken Detachment, Kollstraumen detachment
zone and the Nesna Shear Zone (Fig. 1b, Eide
et al. 2002; Osmundsen et al. 2003). The shear
zones dip to the west or SW and displacements
mainly occurred at c. 400–380 Ma but may have
continued into the Carboniferous (Eide et al. 2002;
Kendrick et al. 2004; Fossen 2010). The Nordfjord-
Sogn Detachment Zone is particularly significant
because it separates Devonian sediments and their
greenschist-facies substrate from eclogite facies
gneisses of the Western Gneiss Region in its foot-
wall that have been exhumed from depths of 100–
140 km. A significant amount of exhumation was
probably achieved by lower to mid-crustal ductile

Fig. 9. Himalayan channel flow model of exhumation of the GHS. From Searle & Szulc (2005). Movement on the STD
and MCT is synchronous with non-coaxial flow within a ductile, mid-crustal channel.
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flow prior to initiation of the detachment zone itself
which has a total offset of .50 km (Norton 1986;
Krabbendam & Wain 1997; Milnes et al. 1997).
Transport lineation within many of these exten-
sional shear zones indicate a significantly oblique
component of displacement, consistent with sinis-
tral transtension and plate divergence during the
Devonian and Carboniferous (Krabbendam &
Dewey 1998; Dewey & Strachan 2003; Osmundsen
et al. 2003).

On the Laurentian side of the orogen, extensional
shear zones and detachments are also well devel-
oped in East Greenland (Strachan 1994; Hartz &
Andresen 1995; Andresen et al. 1998, 2007; Hartz
et al. 2000, 2001; Gilotti & McClelland 2005,
2008). These are divisible into two fundamentally
different types. The older and structurally higher
set separates pervasively melted mid-crustal rocks
of the Krummedal Succession and correlatives
from the upper crustal rocks of the Eleonore Bay
Supergroup. These shear zones, such as the Fjord
Region Detachment (Fig. 1b), have a dominantly
top-down-to-the-east sense of displacement and
developed during regional west-directed thrusting
and emplacement of leucogranite complexes. Some
leucogranites were intruded during thrusting at
c. 429–422 Ma (Hartz et al. 2001; Andresen et al.
2007), whereas others were emplaced during
extension at c. 430–424 Ma (Strachan et al. 2001;
White et al. 2002; Andresen et al. 2007). The
overlap of isotopic ages indicates syn-convergent
extension at c. 425 Ma. A deeper set of extensional
shear zones such as the Payer Land Detachment
separate high-pressure, granulite facies basement
gneisses of the lower crust from the mid- and upper-
crustal units and are thought to have formed after
c. 400 Ma (Gilotti & McClelland 2005, 2008).

In contrast, there are no significant extensional
shear zones or faults within the Caledonides of
NW Scotland. Holdsworth (1989) and Powell &
Glendinning (1990) documented late-stage semi-
ductile to brittle structures that post-dated ductile
thrusting, but displacements are regionally insignif-
icant in both cases. This is consistent with the lack of
any evidence in NW Scotland for major crustal
thickening, presumably reflecting its location on
the periphery of the main Laurentia-Baltica col-
lision along strike to the north.

Both the Himalaya and the Caledonides there-
fore contain regionally significant extensional shear
zones that are comparable in some respects. Syn-
orogenic extensional structures are represented by
the South Tibetan Detachment in the Himalaya and
the Fjord Region Detachment and correlative struc-
tures in East Greenland. Both emplace mid-crustal
migmatite and leucogranite complexes in the foot-
wall against upper crustal rocks in the hanging
wall. These similarities support the notion that

the presence of mechanically weakened middle-
deep crust is an important factor in promoting
syn-orogenic extrusion (Beaumont et al. 2001;
Godin et al. 2006; Kapp et al. 2008). These fea-
tures can evidently be developed in both the pro-
wedge (Indian plate) and retro-wedge (Laurentia)
sides of a collisional orogen, the main factor con-
trolling location presumably being the presence
of suitable melt-fertile lithologies given appropri-
ate P–T conditions. However, in contrast to the
Himalaya, the Caledonides contain a protracted
record of late- to post-orogenic extensional defor-
mation, with exhumation of lower crustal rocks
occurring after c. 400 Ma on both sides of the
orogen. This can be attributed to crustal delamina-
tion (Andersen & Jamtveit 1990) in combination
with sinistral oblique plate divergence (Krabben-
dam & Dewey 1998; Dewey & Strachan 2003;
Osmundsen et al. 2006). Earlier models of crustal
delamination in Tibet at c. 7–8 Ma (e.g. Molnar
et al. 1993) were based on only a few ages of
the post-collision shoshontic volcanics and their
apparent synchroneity with other climatic and
vegetational changes across Asia. However exten-
sive dating of post-colisional volcanics now
shows that mantle-derived highly alkaline volca-
nics indicative of a hot mantle source were
erupted across Tibet from 40 Ma, significantly
prior to proposed delamination, to the Quaternary
(Chung et al. 1998, 2005).

Strike-slip faulting and orogen-parallel

displacements

In orogens characterized by orthogonal collision,
both dextral and sinistral strike-slip faults may
result from the early collision of irregular margins
and promontaries and/or the impingement of a
rigid ‘indentor’ into a less rigid plate, leading to
lateral escape of crustal blocks from the collision
zone. The latter model has been widely proposed
as the explanation for the major strike-slip faults
in the Asian Plate such as the Karakoram and Red
River faults (Tapponnier et al. 1986; Avouac &
Tapponnier 1993). It has been suggested, for
example, that Indochina was displaced at least
500 km southeastwards relative to South China on
the Red River Fault (e.g. Tapponnier et al. 1990).
However, recent detailed work has demonstrated
that the amount of movement across some of these
faults is significantly less than first thought. For
example, Searle et al. (1998) demonstrated that
the Karakoram Fault is a relatively young feature,
less than 11 million years old, and has only a maxi-
mum dextral displacement of 150 km. Although
such faults may indeed be accommodating contin-
ued northward movement of the Indian Plate, their
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importance in regional tectonic models appears to
be much diminished.

Orogen-parallel displacements are likely to be
much more significant in obliquely convergent
orogens such as the Caledonides. The sinistral
oblique nature of ductile low-angle contractional
and extensional fabrics in parts of the Caledonides
has already been mentioned in the context of the
fundamentally oblique nature of the plate collision.
Significant areas of the orogenic hinterland in East
Greenland are also characterized by top-to-the-
north (orogen-parallel) displacements on flat-lying
shear zones that developed either during or after
crustal thickening (Strachan et al. 1992; White
et al. 2001). Similar fabrics may characterize the
mid-crustal sectors of those parts of the Asian
plate that are currently being displaced eastwards.
The main contractional structures within the Cale-
donides are postdated on the Laurentian side of
the orogen by steep sinistral strike-slip faults and
shear zones. In Scotland these are late-Scandian,
mainly brittle structures that include the Great
Glen-Walls Boundary Fault (Stewart et al. 1999;
Watts et al. 2007), the Highland Boundary Fault
(cf. Tanner 2008) and the Southern Uplands Fault
(Fig. 1b). Total displacements are difficult to estab-
lish because of a lack of marker units. However,
a minimum displacement of c. 700 km is likely
along the Great Glen Fault in the period c. 425–
390 Ma because the Grampian Terrane to its SE
(Fig. 1b) shows no record of the Scandian
collision (Dewey & Strachan 2003). In East Green-
land, the analogous sinistral Storstrømmen Shear
Zone (Fig. 1b) developed during oblique marginal
thrusting at 390–370 Ma (Holdsworth & Strachan
1991; Strachan et al. 1992; Smith et al. 2007).

Both orogens therefore contain evidence for
strike-slip faulting and orogen-parallel displace-
ments, although these structures are of greater
significance in the obliquely convergent Caledo-
nides, despite the relatively short-lived collision.

Foreland basin evolution

Loading of an orogenic wedge onto a foreland typi-
cally results in down-flexure of the elastic crust
and development of a foreland basin. Numerous
examples of such basins exist along the margins of
Mesozoic–Cenozoic mountain belts such as the
Alps and the Pyrenees and the Himalaya is no
exception. Development of the Himalayan moun-
tain belt through the Cenozoic led to orogenic
loading onto the Indian foreland. The Siwalik-
Ganges and Indus foreland basins contain alluvial
fan sediments that have accumulated since
14.6 Ma (Mugnier et al. 1999), and are themselves
tectonically active as thin-skinned fold-thrust

belts. Foreland basins are much less well developed
along the margins of the Caledonides. This could
reflect very little flexural response to loading or
later erosion. Some of the best evidence for a
foreland basin is in northern Greenland, where
Ordovician-Silurian platform carbonate deposition
was terminated at c. 430 Ma by the influx of deep-
water turbidites derived from erosion of encroach-
ing thrust sheets to the east (Hurst et al. 1983;
Smith & Rasamussen 2008). Whether such a basin
exists along the entire length of the East Greenland
Caledonides is uncertain because of the inland ice
cover. In the Scandinavian Caledonides, foreland
basin molasse deposits are largely absent and the
only clastic record of syn-orogenic erosion is pre-
served in the Upper Silurian to Early-Devonian
molasse of the Ringerike Group in the Oslo Graben
(Rey et al. 1997). The lack of any foreland basin
in NW Scotland may be attributable to Cenozoic
erosion following magmatic underplating and
uplift during break-up of Pangaea and development
of the North Atlantic Ocean (Rohrman et al. 2002).

Conclusion

We have discussed various aspects of the thermal,
mechanical and structural architecture of the
Himalaya–Tibetan and Caledonide orogens. These
are comparable in scale and apparently similar in a
number of ways. Regional suture zones are recog-
nizable in both, although their identification is
inevitably more problematic in the deeply
eroded Caledonide orogen. Crustal-scale, foreland-
propagating thrust belts and regional Barrovian
metamorphism characterized by clockwise P–T
paths are the dominant structural feature of both
orogens. Strain analysis in both orogens (e.g.
Northrup 1996; Law et al. 2004; Jessup et al.
2006; Law 2010; Thigpen et al. 2010) suggests
that mid-crustal non-coaxial (simultaneous simple
shear and pure shear) flow is a fundamental
process in collisional mountain belts, and provides
the fundamental link between upper crustal exten-
sion and continued thrusting towards the foreland
in mountain belts that are sufficiently large. Both
orogens also display a similar record of calc-
alkaline magmatism that can be attributed to sub-
duction activity prior to continental collision,
followed by asthenopheric melting after slab-
break-off or delamination. High-grade migmatitic
cores with crustally-derived leucogranite complexes
were developed in both orogens where suitable
melt-fertile lithologies were present. Syn-orogenic
relative extension accompanied crustal thickening
in both orogens; however, the Caledonides also
has a protracted record of late- to post-orogenic
extension that can be attributed to lithospheric
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delamination in combination with oblique plate
divergence. The oblique nature of the Caledonian
collision is also reflected in the development of
regionally significant sinistral faults and shear
zones, whereas such structures are apparently not
as significant within the Himalayan orogen.

However, there is one major and very obvious
difference between the two orogens and that
relates to their contrasting gross structure. The Cale-
donides has bivergent geometry with thrust belts
developed in both the pro- and retro-wedges,
whereas the Himalaya has a south vergent large
scale thrust belt located only in the pro-wedge
segment. Minor north-directed backthrusts associ-
ated with the Great Himalayan Counter Thrust
(Fig. 1; Ganser 1964) are present along the northern
margin of India and across the Indus suture zone
creating a large pop-up structure. However, no
north-verging, crustal scale thrust belt occurs in
the retro-wedge segment as is seen in the Caledo-
nides. It seems intuitive that the gross geometry of
a collisional orogen will be influenced strongly by
the rheologies and/or inherited structural fabrics
of the colliding continental plates. In the case of
the Caledonides, the Laurentian and Baltica blocks
were dominated by Archaean to Palaeoproterozoic
gneiss complexes that were both probably relatively
cold and rigid and hence of comparable rheology
at the time of collision in the Early Palaeozoic.
This would have favoured the development of
essentially conjugate thrust belts on both sides of
the resultant collisional orogen. Prior to the col-
lision, both blocks probably also contained exten-
sional faults formed during late Neoproterozoic
continental break-up and development of the
Iapetus Ocean, and the reactivation of these for-
merly oceanward-dipping structures may well
have favoured conjugate thrusting. By contrast, in
the case of the Himalaya–Tibet orogen, there is
likely to have been a major rheological difference
between the relatively rigid Archaean basement
of the Indian craton and the softened Asian plate
that had been thermally weakened by a series of
Mesozoic arc accretion events (e.g. Dewey et al.
1988) followed by development of the Andean-
scale Trans-Himalayan Batholith. The pre-
collisional structure of the Asian plate is dominated
by relatively steep sutures some of which were
reactivated as strike-slip faults rather than thrusts.
These differences may favour the development of
a thrust belt on the subducting rigid plate, whereas
the thermally weakened over-riding plate is likely
to deform by alternative mechanisms such as bulk
pure shear.

We conclude that the Caledonides and Himalaya
are very similar in many respects and support the
view that the tectonic processes involved in conti-
nental collision have been largely constant, at least

since the Early Palaeozoic. The differing gross geo-
metries of the two orogens are probably explicable
with reference to pre-collision contrasts in rheology
and/or inherited structures. As such, there is no
reason to suggest that either example should be
viewed as being a ‘typical’ product of collisional
orogenesis – they likely represent end-members of
a range of possible orogenic profiles.
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Abstract: The Moine Supergroup of NW Scotland is a thick sequence of early Neoproterozoic
sedimentary rocks, with minor igneous intrusions, that display evidence for multiple phases of
regional deformation and metamorphism. The descriptions and interpretations of the ‘Moine
Schists’ provided by the 1907 memoir (Peach et al. 1907) have been proved to be essentially
correct and have laid the groundwork for a century of distinguished and influential research that
has reached far beyond the confines of NW Scotland. The Survey workers recognized the sedimen-
tary protoliths of these rocks, realized that they had been deposited unconformably on inliers of
reworked basement gneisses that now occupy the cores of major folds, and understood the
likely complexity of folding and the kinematic significance of mineral lineations. Further advances
in understanding of the Moine rocks were mainly achieved through two techniques that were not
available to the Survey workers of 100 years ago – geochronology and palaeomagnetism. Isotopic
studies have confirmed the view of the Survey workers that the Moine rocks are of Precambrian
age, and furthermore have demonstrated a complex, polyorogenic history.

The rocks now known as the Moine Supergroup of
NW Scotland (Fig. 1) comprise a thick sequence
of early Neoproterozoic sedimentary rocks, with
minor igneous intrusions, that display evidence for
multiple phases of regional deformation and meta-
morphism. The first systematic description of
these rocks was provided by Peach et al. (1907),
but this only formed a small part of the 1907
memoir. This was in part because of the relative
lithological monotony of these rocks as well as
their structural complexity. The work of the Geo-
logical Survey had identified a wide belt of meta-
morphosed sedimentary rocks which extended
eastwards from the Moine Thrust across the Great
Glen and into the Grampian Highlands. These
rocks were referred to variously, as the ‘Eastern
Schists’, ‘Moine Schists’ and the ‘Moine Series’.
The use of the term ‘Moine’ originated from the
extensive (but very poorly exposed!) A’Mhoine
area located between Loch Eriboll and Tongue in
Sutherland (Fig. 1). Although Murchison & Geikie
(1861) had thought that these rocks were in strati-
graphical continuity with the underlying (Cam-
brian) quartzites and limestones of the Eriboll area
(then thought to be of Silurian age), the work of

Lapworth (1885) clearly demonstrated that they
were older and had been thrust into their present
position.

The relatively restricted description of the Moine
Supergroup in the 1907 memoir gives no hint of the
influential role that these rocks would play sub-
sequently in the development of some key concepts
in understanding the evolution of complexly de-
formed and metamorphosed supracrustal sequences.
Over the past 35 years three interlinked themes have
provided a geological framework to begin to unravel
the geology of this remarkably complex sequence of
rocks (Holdsworth 1989): 1) the use of geochronol-
ogy in demonstrating a polyorogenic history; 2) the
recognition and identification of tectonic setting and
age of emplacement of ‘Lewisianoid’ basement
inliers within the Moine cover; and 3) the recog-
nition that regionally extensive internal ductile
shear zones and associated folds represent mid-
crustal analogues of upper crustal brittle structures
developed within the Moine Thrust Zone.

In this contribution we will summarize how the
Moine Supergroup was presented in the 1907
memoir, discuss the development of ideas in key
papers since then, and provide some opinions on

From: LAW, R. D., BUTLER, R. W. H., HOLDSWORTH, R. E., KRABBENDAM, M. & STRACHAN, R. A. (eds) Continental
Tectonics and Mountain Building: The Legacy of Peach and Horne. Geological Society, London, Special Publications,
335, 233–254. DOI: 10.1144/SP335.11 0305-8719/10/$15.00 # The Geological Society of London 2010.



Fig. 1. Geological map of the Moine Supergroup of NW Scotland; inset shows location on a larger scale. Abbreviations
as follows, from north to south: LE, Loch Eriboll; T, Tongue; MT, Moine Thrust; NT, Naver Thrust; ST, Swordly
Thrust; LB, Loch Borrolan; D, Durcha; OB, Oykell Bridge; CCG, Carn Chuinneag Granite; F, Fannich; CG, Carn Gorm;
Sc, Scardroy; SBT, Sgurr Beag Thrust; LM, Loch Monar; Av, Avernish; Dr, Druimnadrochit; FAGG, Fort Augustus
Granite Gneiss; G, Glenelg; K, Kinlochourn; SB, Sgurr Breac; L, Lochailort; Ar, Ardnish; LE, Loch Eilt; AGG, Ardgour
Granite Gneiss; GSM, Glen Scaddle Metagabbro; Ad, Ardnamurchan; SM, Sound of Mull; RM, Ross of Mull. Note that
the outcrop of the Glenfinnan Group also contains undifferentiated outliers (infolds) of Loch Eil Group (see also Fig. 2).
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key problems and ways forward for future research.
Other syntheses of various aspects of the Moine
Supergroup have been provided by Rogers &
Pankhurst (1993), Holdsworth et al. (1994) and
Strachan et al. (2002).

The ‘Moine Schists’ of the Peach et al.

(1907) memoir

Murchison & Geikie (1861) first suggested that the
‘Moine Schists’ were metamorphosed sedimentary
rocks, and this was broadly confirmed in the 1907
memoir with the caveat that ‘. . . the age and
origin of the rocks . . . is a complicated problem
which has not been finally and definitely solved’
(Peach et al. 1907, p. 600). The Survey workers
clearly identified deformed quartz and feldspar
clasts at various localities and refer to ‘schistose
pebbly grits’ and ‘conglomerates’, thus reinforc-
ing the sedimentary affinities of these rocks.
Perceptively, they also recognized that ‘pseudo-
conglomerates’ could be produced by intense
deformation of Lewisian gneiss protoliths, citing
examples near Avernish (Fig. 1; Peach et al. 1907,
p. 617). They followed Geikie (1888) and Flett
(1905) in comparing inliers of acid, basic and ultra-
basic orthogneisses found within the Moine outcrop
(Fig. 1) to the Lewisian gneisses of the Caledonian
foreland. The relationship between the (younger)

‘Moine Schists’ and the (older) orthogneisses was
inferred to be one of unconformity as indicated by
the occasional presence of rocks interpreted as
Moine basal conglomerates.

The possibility that the ‘Moine Schists’ might
correlate with some of the Torridonian sedimentary
rocks of the Caledonian foreland west of the Moine
Thrust Zone (Fig. 1) was recognized by Benjamin
Peach, but this was one aspect that his colleagues
did not agree with. The 1907 memoir attributes
this interpretation specifically to Peach. For
example:

. . . more recent work [near Stromeferry-Loch Alsh] . . .
has led Dr Peach to the belief that there was . . . a defi-
nite order of succession . . . analogous to that in the
Diabaig group of the Torridon Sandstone (Peach
et al. 1907, p. 600).

Later, Peach wrote: ‘The difference between the
rocks of sedimentary origin on either side of the
Moine Thrust . . . is thus shown to be one of
degree of alteration and not of kind’ (Peach et al.
1913, p. 30). However, in the memoir of the
Glenelg Area, in the southern part of the Moine
Thrust Belt it was stated that:

. . . the evidence at present available does not warrant
the conclusion that Moine rocks represent Torridon
rocks. They may do so, but this remains to be proved
(C. T. Clough in: Peach et al. 1910, p. 46).

Fig. 2. Generalized geological cross-section across the SW Moine (modified from Powell & Glendinning 1988).
Abbreviations: MT, Moine Thrust; KNT, Knoydart Thrust; SBT, Sgurr Beag Thrust; GS, Glenshian Synform; LEA,
Loch Eilt Antiform; GDS, Glen Dessary Synform; SMA, Spidean Mialach Antiform; LQL, Loch Quoich Line; GGF,
Great Glen Fault. Note (a) the infold of Loch Eil Group in the core of the Glen Dessary Synform; (b) the local emergence
of Glenfinnan Group rocks adjacent to the Great Glen Fault (see Fig. 1).
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The structural complexity of the ‘Moine Schists’
was identified, with Peach et al. (1907) referring to a
‘double system’ of folding, with one set of folds
striking NNE and the other ESE, the latter coinci-
dent with the orientation of rodding and mullion
structures. They also recognized that ‘certain fine
parallel lines’ developed on foliation planes and
trending broadly ESE corresponded ‘to the general
direction of movement of the thrust masses’. Their
detailed study of mylonites developed in the vicinity
of the Moine Thrust led them also to conclude that
the ‘Moine Schists’ had already been metamor-
phosed before thrusting. Most of these basic struc-
tural conclusions still hold true today.

The ‘Moine Schists’ of NW Scotland a

century after the memoir: development

of a regional stratigraphic-structural

framework

Further work by the Geological Survey in Suther-
land and Ross-shire between 1907 and 1930 is sum-
marized by Peach & Horne (1930). Numerous relict
sedimentary features were identified within the
‘Moine Schists’, now known more formally as the
‘Moine Series’. ‘The occurrence in them of colour
banding, false-bedding, and lines of heavy minerals
pointed to their clastic character’ (Peach & Horne
1930, p. 147). Mapping in the Carn Chuinneag
area in Ross-shire (Fig. 1) also recognized pebbly
horizons (Peach et al. 1912). Further work on the
basement inliers emphasized the differences in
lithology, petrography and metamorphic grade
with the Moine Series. Some basement inliers
were associated with paragneisses that were com-
pared with those interfolded with the Lewisian
orthogneisses of the foreland (Peach & Horne
1930). Additional evidence that the Moine Series
rested with modified unconformity upon some of
the basement inliers was provided by further identi-
fication of possible basal Moine conglomerates and
detailed mapping of apparent overstep relationships.
In many areas, the order of younging within the
‘Moine Series’ was not known with certainty and
cross-sections depicted essentially structural suc-
cessions. In contrast, what were interpreted as stra-
tigraphical sequences were deduced by mapping
the order of succession outwards from inliers of
(Lewisian) orthogneisses that were assumed to
occupy the cores of eastward-rooting anticlines
and to represent the basement on which the Moine
sediments were deposited (Flett 1905).

Differences in opinion as to the relative ages of
the Moine and Torridonian rocks still persisted.
Peach maintained that the Moine Series was the
equivalent of the Torridonian (Peach & Horne

1930, p. 199–200). In contrast, Horne considered
that the Moine rocks were

pre-Torridonian schists [that] formed part of the land
barrier separating the Cambrian sea in the North-West
Highlands from the sea in which the fossiliferous
Highland Border rocks were deposited (Peach &
Horne 1930, p. 201).

The Lewisian inlier controversy

Considerable complication was introduced during
the 1930s by the ‘Lewisian inlier controversy’
which challenged one of the key findings of the
Survey workers. Read & Phemister (1926)
described rocks of Lewisian type from Durcha in
Sutherland (Fig. 1), and came to the conclusion
that they could not be distinguished on structural
or metamorphic grounds from adjacent Moine
rocks. These findings were seemingly confirmed
by further work in central Sutherland where (Read
1931, 1934) was unable to recognize any basal
Moine conglomerates, overstep relationships or
metamorphic differences between the two groups
of rocks. He therefore decided that a basement-
cover relationship did not exist. Read accepted the
similarity between the foreland Lewisian and the
inliers, and further pointed out that both contain
basic and ultrabasic bodies. He also recognized
that some of these basic bodies intruded the
Moine, and therefore could not rule out a Lewisian
age for all the Moine (Read 1934).

Reinvestigation of the Scardroy and Fannich
areas (Fig. 1) by Sutton & Watson (1953, 1954)
led them to support Read in rejecting the Lewisian
inlier hypothesis. They failed to locate any discor-
dant relationships, metamorphic differences or any
evidence for pre-Moine tectonism within the sup-
posed basement inliers. Furthermore, they (cor-
rectly) ascertained that in both areas, the adjacent
Moine rocks young upwards towards the base of
the inliers, while those above young upwards and
away. This apparently continuous younging across
the inlier clearly disproved the eastward-rooting
anticline hypothesis of the Survey, at least for
central Ross-shire. This work was in conflict with
that of Kennedy (1955) who agreed with the
Survey’s original identification of Lewisian inliers
within the Morar area (Fig. 1) and also viewed the
basement units as occupying the cores of
eastward-rooting anticlines. Detailed reinvestiga-
tion of the Glenelg area (Fig. 1) by Ramsay
(1958b) essentially confirmed the original findings
of Peach et al. (1910) that here a basement-cover
relationship existed between the Moine rocks and
Lewisian-type orthogneisses. Ramsay (1958b) con-
cluded that ‘two groups of metamorphic rocks of
different ages’ were present and that although
largely obscured by tectonism, their original
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contact relationship was cover to basement (i.e. an
unconformity). Earlier in the same year, Ramsay
(1958a) had himself rejected the presence of base-
ment inliers in the Loch Monar area (Fig. 1) in Ross-
shire, preferring to regard them as integral parts of
the Moine succession. Given the apparent lack of
clear metamorphic differences and any evidence
for an unconformity, Ramsay (1958b) was still
clearly sceptical about a Lewisian origin for the
central Ross-shire inliers, despite his findings at
Glenelg. He did, however, admit that the true
nature of these bodies might be obscured in these
areas as a result of the higher grade of the surround-
ing Moine rocks and the intense levels of strain
present (Ramsay 1958b, p. 519).

By 1959, the Lewisian inlier hypothesis was gen-
erally accepted as workers realized that intense
ductile deformation could obliterate originally dis-
cordant relationships within rock units and lead to
apparent structural and metamorphic convergence
between contrasting basement and cover units (e.g.
Clifford 1960; Sutton & Watson 1962). The original
Survey work identified all of the major inliers, but
subsequent work has delineated many previously
unrecognized examples and modified the outcrop
patterns of others (e.g. Ramsay 1963; Barber 1965;
Strachan & Holdsworth 1988; Holdsworth 1989;
Holdsworth et al. 2001, 2006). Various workers
have shown how geochemical criteria could be used
to distinguish between basement inliers and their
Moine cover (e.g. Winchester & Lambert 1970;
Winchester 1971; Moorhouse 1976; Moorhouse &
Moorhouse 1979). U–Pb zircon dating indicates
late Archaean protolith ages similar to those of the
foreland Lewisian for some of the basement inliers
in Sutherland and for the western Glenelg inlier
(Friend et al. 2008).

The tectonic setting of basement inliers and

the significance of ‘tectonic slides’

Structural analysis in the Morar and Glenelg areas
indicated that the Lewisian basement inliers here
occupied the cores of early isoclinal folds
(Ramsay in discussion of Sutton & Watson 1959;
Ramsay 1960; Ramsay & Spring 1962). Subsequent
work (e.g. Ramsay 1963; Lambert & Poole 1964;
Powell 1974) recognized further examples in
Morar, Knoydart and adjacent regions and showed
that the early isoclines faced eastwards and were
probably rooted towards the WNW. However, the
problem remained of why Moine rocks appeared
to young towards basement gneisses located at a
higher structural level in the regional succession in
central Ross-shire. Bailey and Turner (in discussion
of Sutton & Watson 1954) suggested that the
Lewisian (and overlying) rocks were located upon

a major thrust or ‘slide’ that was then folded to
produce, for example, the pelite ‘klippe’ of
Fannich. After Sutton & Watson had accepted the
reality of the Lewisian inliers, they also suggested
that the Scardroy inlier had been driven ‘wedge-
like’ into an unbroken Moine succession (Sutton
& Watson 1962). The term ‘slide’ was in general
use at that time to denote a tectonic break of uncer-
tain geometry. It was recognized that because such
breaks developed either prior to, or during, regional
metamorphism they were not accompanied by
obvious development of cataclastic rocks (Bailey
1910; Sutton & Watson 1953; Kennedy 1955;
Clifford 1960; Fleuty 1961), although there was
no clear understanding of the structural features
that might be associated with such dislocations.

Tanner (1971) identified within the Moine rocks
of the Kinlochourn area a major syn-metamorphic
tectonic break that he termed the ‘Sgurr Beag
Slide’ (Fig. 1). This structure separated two con-
trasting Moine successions, and was associated
with the emplacement of a thin slice of Lewisanoid
basement. The structure was marked by a broad
zone of strongly deformed schistose rocks that,
because they developed during regional, high-grade
metamorphism, did not resemble the mylonites of
more easily recognizable tectonic breaks in lower-
grade terrains. It was argued that the Sgurr Beag
Slide was likely to be a regionally significant struc-
ture that was located along the approximate struc-
tural base of many of the large central Ross-shire
inliers, and could divide the Moine rocks into two
major nappes (Tanner et al. 1970). For the first
time, the hint of a regional tectonic framework had
begun to emerge within the Moine rocks.

Rathbone & Harris (1979) documented the struc-
tural features associated with the Sgurr Beag Slide,
including a wide asymmetric zone of high strain,
mainly focused beneath the slide plane. Following
Tanner et al. (1970), they highlighted the occur-
rence of Lewisian inliers at two distinct structural
levels. Within the western Morar-Glenelg area,
inliers mainly occupy a para-autochthonous setting
in the cores of early, eastward-facing isoclines. At
higher structural levels further east and along the
trace of the Sgurr Beag Slide, inliers could be
regarded as allochthonous sheets with a lower tec-
tonic boundary and an upper stratigraphic contact.
A crucial advance came with the realization that
the ‘slides’ within the Moine represent major, mid-
crustal ductile thrusts that are geometrically and
kinematically analogous to the upper crustal discon-
tinuities recognized in the Moine Thrust Zone
(Powell et al. 1981; Rathbone et al. 1983; Kelley
& Powell 1985; Barr et al. 1986; Butler 1986).
The term ‘slide’ was therefore abandoned. The
tectono-stratigraphic framework has since been
extended into Sutherland where numerous basement
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inliers are interleaved with Moine rocks along a
whole series of ductile thrusts and associated
easterly-rooting, westward-facing tight to iso-
clinal sheath folds (Barr et al. 1986; Strachan &
Holdsworth 1988; Holdsworth 1989; Holdsworth
et al. 2001; Alsop & Holdsworth 2004a, b).

A regional tectono-stratigraphic framework

Johnstone et al. (1969) provided the first regional
synthesis of the Moine rocks of Inverness-shire.
They defined a westerly ‘Morar Division’, which
was dominated by psammite units. This was suc-
ceeded eastwards by the ‘Glenfinnan Division’, a
series of strongly deformed, subvertical psammites
and pelites metamorphosed at a noticeably higher
grade than the Morar Division. Much of the Glenfin-
nan Division is migmatitic and displays evidence for
variable amounts of partial melting (Barr 1985). The
contact between the two divisions was in part
defined by the Sgurr Beag Thrust, but the existence
of the structure south of Kinlochourn was uncertain
because of the lack of any associated basement
inliers. Johnstone et al. (1969) therefore took the
view that the contact between the two divisions
south of Kinlochourn was essentially stratigraphic.
The Glenfinnan Division was succeeded eastwards
by the psammites of the ‘Loch Eil Division’. The
boundary between the two was coincident with the
‘Quoich Line’ (Clifford 1957) which marked the
relatively rapid transition from steeply-dipping
Glenfinnan Division rocks to the generally gently-
dipping Loch Eil Division (Fig. 2).

Local stratigraphic successions had been erected
within each of these divisions, following the realiz-
ation that cross-bedding in deformed strata could be
used to establish the order of deposition. Richey &
Kennedy (1939) used sedimentary structures to
establish the classic Moine succession of the
Morar area which is symmetrically disposed about
a basement inlier which was thought to occupy the
core of a major fold. This succession comprises a
basal pelite (of at least partial tectonic origin), a
lower psammite, an intermediate striped schist
unit, and an upper psammite. Local stratigraphical
successions were then established in other parts of
the Moine outcrop based on mapping and the use
of sedimentary structures (e.g. Sutton & Watson
1953; Ramsay & Spring 1962; Powell 1964, 1966;
Dalziel 1966; Brown et al. 1970; Tobisch et al.
1970). Rathbone & Harris (1979) showed that the
main structural features associated with the Sgurr
Beag Thrust in areas where its existence was not
in dispute were also evident along the Morar-
Glenfinnan division boundary south of Kinlochourn.
Accordingly, it was suggested that this structure
separated the two divisions everywhere between
the Sound of Mull and the Dornoch Firth (see also

Wilson & Shepherd 1979). The Naver Thrust of
central Sutherland (Fig. 1; Moorhouse 1977) was
widely interpreted as the northern extension of the
Sgurr Beag Thrust (e.g. Soper & Barber 1982;
Butler & Coward 1984). Roberts & Harris (1983)
subsequently demonstrated stratigraphic and struc-
tural continuity between the Glenfinnan and Loch
Eil divisions, refuting earlier suggestions that they
might be separated by a major unconformity (cf.
Lambert et al. 1979; Piasecki et al. 1981).

Barr et al. (1986) proposed that ductile thrusts
subdivide the Moine rocks into three regional
thrust nappes; from west to east of the Moine,
Naver/Knoydart and Swordly/Sgurr Beag nappes.
Each nappe was envisaged as having its own dis-
tinctive stratigraphic, structural and metamorphic
characteristics. This approach forms the basis of
modern understanding of the Moine rocks (summar-
ized in Holdsworth et al. 1994), although there are
still uncertainties in the location and extent of the
Knoydart Thrust, and correlations between the
Sgurr Beag Thrust and similar structures in Suther-
land (Kocks et al. 2006). Recognition that an orig-
inal stratigraphic passage from the Morar to
Glenfinnan division rocks was probably preserved
on the Ross of Mull (Fig. 1; Holdsworth et al.
1987) underpinned the re-designation of the
‘divisions’ as ‘groups’ and establishment of a
formal ‘Moine Supergroup’ (Roberts et al. 1987;
Holdsworth et al. 1994). Increasing recognition
through the 1980s of the fault-bounded and poten-
tially allochthonous nature of many structural
units in collisional orogens led to a terrane subdivi-
sion of the Caledonides in Britain and Ireland
(Gibbons & Gayer 1985). The Moine rocks were
assigned to a ‘Northern Highland Terrane’, an
internally coherent group of related rocks that are
bounded to the NW by the Moine Thrust and to
the SE by the Great Glen Fault.

The ‘Moine Schists’ as a sedimentary

package

The stratigraphical and sedimentological interpret-
ation of the Moine rocks has been hampered by
the lack of biostratigraphical control, extensive
recrystallization during high-grade metamorphism,
complex, often curvilinear folding, disruption by
large-scale ductile thrusts, and very high strains in
some areas. The sensitivity of semi-pelite and
pelite to metamorphic recrystallization, deformation
and partial melting means that sedimentary analysis
is generally only possible in psammitic lithologies.

Early papers were mainly restricted to the
description of sedimentary structures at particular
localities (e.g. Tobisch 1966). The first attempt at
any regional synthesis was that of Wilson et al.
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(1953) who drew attention to the northerly-directed
palaeoflows indicated by cross-bedding at various
localities within the Morar Group. Working in the
Loch Eil Group, Strachan (1986) was one of the
first to specifically address the depositional environ-
ment in the Moine rocks. On the basis of sedimen-
tary structures, including bimodal cross-bedding
and cross-lamination, and overall lithofacies he
suggested a tidal, shallow marine depositional
environment. The underlying Glenfinnan Group
rocks were later interpreted as deeper-water
marine sediments (Strachan et al. 1988). Glendin-
ning (1988) studied in detail the sedimentology of
the Upper Morar Psammite Formation, presenting
the first detailed sedimentary logs within the
Moine rocks. He noted tabular, trough and festoon
cross-bedding (Fig. 3a) and generally unidirectional
northward-flowing palaeocurrents. In places,
bipolar ‘herring-bone’ cross beds and inferred
sand wave structures with mud drapes were noted.
Glendinning (1988) interpreted the Upper Morar
Psammite as a tidal, shallow-marine deposit but
noted that the sediments are unusually immature
(arkosic) compared to other shallow-marine shelf
deposits, and that a fluvial origin of these sediments
could not be ruled out. On the basis of these two
studies, throughout the 1990s the Moine rocks
were therefore viewed as a wholly shallow-marine
sequence (e.g. Soper et al. 1998; Strachan et al.
2002; Cawood et al. 2004).

Recent work has led to a significant reappraisal
of the sedimentary environment of the Morar
Group. Krabbendam et al. (2008), working in the
lowermost Morar Group in Ross-shire, documented
coarse, thick-bedded psammite in fining-upward
sequences, with abundant nested trough and planar
cross-bedding in metre-scale channels, unimodal,
easterly-directed palaeocurrents and abundant soft-
sediment deformation structures. They interpreted
these rocks as high-energy, braided fluvial deposits,
demonstrating that the lower part of the Moine
Supergroup is fluviatile rather than marine. Struc-
tural analysis showed that this fluviatile sequence
was at least 3 km, and possibly 5 km thick. Bonsor
& Prave (2008) re-examined the Upper Morar
Psammite in Ardnamurchan, and similarly con-
cluded that it was deposited in an alluvial braidplain.
Although much further work is required in other
areas of low-tectonic strain, the present view is
therefore that the Morar Group is probably domi-
nated by fluvial sands.

Geochronological implications for the age

and history of the ‘Moine Schists’

Isotopic analyses of the ‘Moine Schists’ were pre-
sented in one of the very first papers to apply

emerging geochronological concepts to meta-
morphic rocks (Giletti et al. 1961). Since then, a
considerable amount of geochronological work has
been published and the Moine rocks have come to
be recognized as a classic example of a polymeta-
morphic, ‘reworked’ terrain that has apparently
been affected by at least three regional metamorphic
events (Table 1). These events were of broadly com-
parable amphibolite facies grade, but differed in
their regional extent and intensity. Interpretation
of isotopic data in such a setting is inevitably
complex, and much controversy has centred on the
nature, extent and tectonic setting of the earliest,
Precambrian, tectonothermal events within the
Moine rocks.

Giletti et al. (1961) presented Rb–Sr ages
obtained from biotite, muscovite and feldspar
sampled from a wide range of localities across the
Northern Highlands of Scotland. The authors con-
cluded from the data that the Moine rocks had
been affected by widespread Caledonian meta-
morphism at 420 + 15 Ma. They also obtained
ages of c. 740 Ma and c. 665 Ma from foliated seg-
regation pegmatites at Knoydart and Morar. The
authors concluded ‘that the Moine sediments, at
least in the Knoydart-Morar area, are older than
740 Ma’ and that the pegmatites were formed ‘poss-
ibly at the time of the first, or an early, metamorph-
ism of the Moine sediments’, thus supporting
Horne’s suggestion of a Precambrian metamorph-
ism (Peach & Horne 1930). This metamorphic
(implicitly orogenic) event has been referred to
interchangeably as both the ‘Knoydartian’ (Bowes
1968) and the ‘Morarian’ (Lambert 1969), with
the former taking precedence.

Further work on other foliated segregation peg-
matites at Loch Eilt, Carn Gorm, Kinlochourn and
Ardnish (Fig. 1) produced Rb–Sr muscovite ages
from 647 + 20 to 776 + 15 Ma (Long & Lambert
1963; van Breemen et al. 1974, 1978; Powell
et al. 1983; Piasecki & van Breemen 1983; Piasecki
1984). U–Pb analyses of bulk fractions of monazite
and zircon from two pegmatites resulted in a concor-
dant monazite age of 780 + 10 Ma and discordant
zircon ages of 740 + 30 and 815 + 30 Ma (van
Breemen et al. 1974, 1978). Taken at face value,
the data appeared to be consistent with the sug-
gestion that the Moine rocks had been affected by
Precambrian metamorphism at c. 740–780 Ma.

Additional complexity was introduced as a result
of Rb–Sr whole rock studies carried out in the
mid-1970s. The pre- to early-tectonic West High-
land Granite Gneiss comprises a series of separate,
strongly deformed bodies, thought to have been pro-
duced by in situ anatexis of host Glenfinnan Group
lithologies (Dalziel 1966). One of these bodies, the
Ardgour Granite Gneiss (Fig. 1), yielded an Rb–
Sr whole rock age of 1028 + 46 Ma (Brook et al.
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1976). A similar Rb–Sr whole rock age of
1024 + 96 Ma (Brook et al. 1977) was obtained
from the Morar Pelite, and taken together the two
studies were thought to indicate that the main
early prograde metamorphism of the Moine rocks
instead occurred at c. 1000–1100 Ma during the
Grenville Orogeny (Powell & Phillips 1985; Powell
et al. 1988). Subsequent U–Pb dating of bulk frac-
tions of zircon from the Ardgour granite gneiss

produced an upper intercept age of c. 1556 Ma and
lower intercept ages of 574 + 30 and 556 + 8 Ma
(Pidgeon & Aftalion 1978; Aftalion & van
Breemen 1980). Much discussion centred around
two linked topics: firstly, whether the 740–
780 Ma isotopic ages represented a real meta-
morphic event or were the result of the partial
resetting of Grenville ages during the Caledonian
Orogeny, and, secondly, whether the Precambrian

Fig. 3. (a) Cross-bedding within the Upper Morar Psammite on the Ross of Mull; (b) amphibolite discordant to bedding
within Glenfinnan Group psammites on the Ross of Mull; (c) migmatized Moine rocks above the Naver Thrust in East
Sutherland; (d) refolded isoclinal folds within gneissic Morar Group psammites near Loch Monar – camera lens cap for
scale at bottom left; (e) ‘eye’ structure developed within Morar Group psammites west of Tongue, Sutherland; this
structure is interpreted as a cross section through the nose of a sheath fold – two-penny coin for scale in centre; (f )
highly-strained Morar Group psammites just below the Sgurr Beag Thrust at Lochailort, Inverness-shire; note the
marked parallelism of fabric – camera lens cap for scale in centre.
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pegmatites were demonstrably syn-metamorphic or
alternatively were simply a series of intrusions,
perhaps produced during rifting and development
of the Iapetus Ocean (e.g. Powell et al. 1983;
Soper & Anderton 1984; Powell & Phillips 1985).

The refinement of isotopic dating techniques
during the 1990s has clarified matters significantly.
The ability to date individual zircon grains and parts
of grains has resulted in significant advances in
understanding Moine geology. The first modern
U–Pb zircon study was that of Friend et al. (1997)
who, in a combined SIMS and TIMS approach,
studied zircons from the Ardgour Granite Gneiss.
By dating zircon needles and overgrowths on older
grains they showed that the age of the magmatic
protolith of the granite gneiss and its enclosed
segregation pegmatites is 873 + 7 Ma. Ages of
1100–1900 Ma were obtained from rounded anhe-
dral zircons that were interpreted as detrital grains
within the precursor Moine sediments. The bulk
fraction zircon data of Pidgeon & Aftalion (1978)
and Aftalion & van Breemen (1980) was thought
to reflect the integrated effects of zircon growth at
c. 870 Ma, multi-aged inheritance, and at least two
episodes of Pb loss and/or new zircon growth
related to metamorphic events at c. 870 Ma and c.
455 Ma (Friend et al. 1997). The significance of
the Rb–Sr whole rock ages obtained from the grani-
tic gneiss and the Morar Pelite are uncertain. An age
of 870 + 30 Ma was obtained from the Fort Augus-
tus Granite Gneiss within the Loch Eil Group
(Fig. 1; Rogers et al. 2001). These two studies there-
fore established that: 1) the granite gneisses formed
at c. 870 Ma; and 2) the Moine sediments were
deposited after the Grenville Orogeny because of
the presence of inherited (detrital) grains dated at
c. 950–1000 Ma within the Fort Augustus body.
More recent studies have confirmed the presence
of c. 1100–1000 Ma detrital zircons within Moine
(meta)sediments, thus showing conclusively that
their deposition post-dated the Grenville Orogeny

(Friend et al. 2003; Cawood et al. 2004; Kirkland
et al. 2008). The youngest detrital zircon grain
within the Morar Group has a U–Pb (TIMS) age
of 980 + 4 Ma (Peters 2001). U–Pb (SIMS) ages
of 908 + 8 Ma and 917 + 13 Ma have been
obtained from detrital zircons from the Achnaco-
neran Formation near Drumnadrochit (Fig. 1;
Cutts et al. 2010), interpreted as an upfold of
Glenfinnan Group adjacent to the Great Glen Fault
(Strachan et al. 1988).

Despite the new data relating to the crystalliza-
tion age of the granite gneiss suite, renewed contro-
versy centred around the tectonic significance of the
870 Ma melting event. Barr et al. (1985) had argued
that the granite gneisses were syn-orogenic and
formed during regional migmatization and D1 iso-
clinal folding of the Moine. They pointed to the
lack of a thermal aureole around the granite gneiss
bodies which they took to indicate that the country
rocks were already at elevated temperatures when
the granites were emplaced. Furthermore, they
showed that the migmatitic leucosomes within the
granite gneisses locally cross-cut the S1 gneissic
fabric which must therefore have developed during
this high-grade event which was subsequently
dated at c. 870 Ma by Friend et al. (1997). In con-
trast, Soper (1994), Soper & Harris (1997), Millar
(1999) and Dalziel & Soper (2001) suggested that
the granitic protolith of the gneiss was entirely
pre-tectonic, formed during crustal extension,
development of the Moine sedimentary basin(s),
and intrusion of an associated suite of tholeiitic to
sub-alkaline mafic sills and dykes. The latter are
now represented mainly by amphibolites (Fig. 3b),
but a metagabbro body thought to be coeval with
the main suite has yielded a U–Pb zircon age of
873 + 6 Ma, indistinguishable from the protolith
age of the granite gneisses (Millar 1999). However,
in the absence of reliable P–T data to constrain
the conditions of melting, the origin of the granitic
protoliths, the age of their gneissification, and

Table 1. Summary of the Caledonian and pre-Caledonian history of the Moine rocks of the Northern
Highlands of Scotland. Timing based on isotopic dates quoted in the text

430–390 Ma Emplacement of granites and sinistral displacements along the Great Glen Fault system.
435–425 Ma Scandian orogenic event – mid- to low amphibolite facies metamorphism, widespread

ductile thrusting and folding, culminating in development of the Moine Thrust Zone.
470–460 Ma Grampian orogenic event – mid- to upper amphibolite facies metamorphism and

deformation of the eastern Moines above the Sgurr Beag and Naver thrusts.
600–590 Ma Intrusion of augen granites (e.g. Inchbae) during continental rifting and development of

the Iapetus Ocean.
820–730 Ma Knoydartian orogenic event(s) – garnet grade metamorphism, isoclinal folding,

intrusion of pegmatites.
870 Ma Intrusion of amphibolites and the granitic protoliths of the West Highland Granitic

Gneiss – during an orogenic event or during crustal extension and development of
the Moine sedimentary basin?

1000–870(?) Ma Deposition of Moine sediments.
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hence the nature of the c. 870 Ma tectonothermal
event remain equivocal. The problem of establishing
the tectonic significance of early crustal melts in
high-grade metamorphic rocks is common to many
basement terrains and the Moine rocks are no
exception.

Despite ambiguities concerning the c. 870 Ma
event, rather firmer evidence exists for younger oro-
genic events at c. 800 and c. 730 Ma. Hyslop (1992)
has confirmed, on the basis of integrated field and
geochemical studies, that pegmatites at Carn
Gorm, Knoydart, Sgurr Breac and Ardnish (Fig. 1)
formed essentially in situ in localized zones of
high strain and melt generation during post-D1

metamorphism at garnet grade and higher. U–Pb
analyses of single monazite grains from pegmatites
have yielded precise ages of 827 + 2 Ma (Ardnish
pegmatite) and 784 + 1 Ma (Sgurr Breac pegma-
tite) (Rogers et al. 1998). Sm–Nd ages of c. 820–
790 Ma obtained from post-D1 Morar Group
garnets apparently date the early metamorphism
(Vance et al. 1998) at peak pressures of c. 7 kbar
and temperatures of c. 650 8C (Cutts et al. 2009).
Rb–Sr muscovite ages of c. 750 Ma obtained from
a range of pegmatites and metamorphic units in
the Northern Highlands (Piasecki & van Breemen
1983; Piasecki 1984; Hyslop 1992; Rogers et al.
1998) could date cooling after a c. 800 Ma meta-
morphic event or relate to entirely distinct,
younger tectonothermal activity. Evidence for still
younger metamorphism is provided by a U–Pb tita-
nite age of 737 + 5 Ma obtained from Morar Group
rocks near Lochailort (Fig. 1; Tanner & Evans
2003), and U–Pb zircon and monazite ages of
c. 725 Ma recorded from Glenfinnan Group migma-
tites near Druimnadrochit (Cutts et al. 2010). The
relative spatial extents, intensities and tectonic set-
tings of these various Neoproterozoic tectonother-
mal events require detailed further investigation.
The Vance et al. (1998) study emphasizes the
importance of dating mineral phases that can be
linked unambiguously to P–T paths and defor-
mation fabrics. Only in this way is it possible to
decide whether or not a particular set of structures
formed during compression or extension.

Isotopic studies indicate an equally complex
series of Lower Palaeozoic (Caledonian) meta-
morphic and structural events, although these can
be easier to unravel since they are often associated
with the dominant structures and/or least-modified
metamorphic assemblages. For many years it was
assumed that the Moine rocks had been affected
by a single protracted Caledonian orogenic event
that commenced in the Ordovician and continued
into the Silurian, culminating in the development
of the Moine Thrust Zone (Powell & Phillips
1985; Barr et al. 1986; Harris 1995). Evidence for
Ordovician metamorphism was provided by U–Pb

and Rb–Sr mineral ages of c. 455–450 Ma obtained
from Glenfinnan Group metasediments and associ-
ated syn-metamorphic pegmatites (van Breemen
et al. 1974; Aftalion & van Breemen 1980). A Silur-
ian age for the Moine Thrust Zone was indicated by
a U–Pb zircon age of 430 + 4 Ma obtained for the
syn-tectonic Loch Borralan Complex (Fig. 1; van
Breemen et al. 1979).

Further isotopic studies carried out in the last 10
years have suggested that this view of the Caledo-
nian orogeny is over-simplistic. The most reliable
new ages have been obtained by dating minerals
with high closure temperatures such as zircon or
monazite. The ages tend to fall into two groupings:
1) mid- to Late-Ordovician ‘Grampian’ ages of
470–460 Ma; and 2) Silurian ‘Scandian’ ages of
435–420 Ma. The former is restricted to the Moine
rocks located above the Sgurr Beag and Naver
thrusts (Fig. 1). Regionally developed migmatites
in East Sutherland that formed at pressure–
temperature conditions of 11–12 kbar and 650–
700 8C (Friend et al. 2000; Fig. 3c) have yielded
U–Pb zircon ages of c. 470–460 Ma (Kinny et al.
1999). Amphibolite facies metamorphism of the
Fort Augustus Granite Gneiss and its host Loch Eil
Group has been dated at 470 + 2 Ma (U–Pb titanite,
Rogers et al. 2001). Indirect evidence for widespread
regional deformation and metamorphism during the
Silurian has been provided by U–Pb zircon ages
obtained from a range of igneous intrusions that
have known relationships to ductile fabrics and
associated mineral assemblages in their country
rocks. These include variably-deformed and meta-
morphosed, syn- to late thrusting granites in Suther-
land (435–420 Ma) (Kinny et al. 2003a; Kocks et al.
2006), and the Glen Scaddle Metagabbro (Fig. 1;
426 + 3 Ma) in Inverness-shire which appears to
pre-date two phases of upright folding in host Loch
Eil Group rocks (Strachan & Evans 2008). A
partial clockwise pressure–temperature path for
the Silurian metamorphic event in Sutherland indi-
cates 640–660 8C at 5 kbar (Friend et al. 2000).

The role of the ‘Moine Schists’ in the

evolution of key concepts in structural

geology

The Moine rocks were a key testing ground for
many new structural ideas between the 1930s
and 1960s. Phillips (1937) was the first to draw
attention to the widespread development of mine-
ral lineations within the northern Moine and there
followed intense debate as to their significance –
the so-called ‘Moine petrofabric controversy’
(Howarth & Leake 2002). This centred on the kin-
ematic significance of these lineations and associ-
ated quartz c-axis girdles. Were these lineations
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formed during WNW-directed deformation of the
Moine rocks and development of the Moine Thrust
(as presciently suggested by Peach et al. 1907)?
Or did they form by NE- or SW-directed com-
pression at right angles to the Moine Thrust (Phillips
1937; Wilson 1953)? The examination of deformed
conglomerates and related microfabric studies,
together with the obvious structural continuity
with structures in the underlying Moine Thrust
Zone, eventually convinced most geologists that
the lineation resulted from the WNW-directed
Caledonian movements.

The emphasis on lineations shifted as a result of
an increased interest in studying the ways in which
rock masses deform in three dimensions to generate
the complete spectrum of minor and major structures
namely folds, foliations and lineations. The signifi-
cance of the ‘double system’ of folding identified
by Peach et al. (1907) was further discussed, with
some advocating that all the folding was synchro-
nous (Crampton in Peach et al. 1913; Sutton &
Watson 1954), whereas others suggested that the
folds might be of different ages (McIntyre 1952;
Rutledge 1952). The existence of polyphase defor-
mation within the Moine rocks is implicit in the
cross-sections of Kennedy (1955), but the first rigor-
ous analysis of the phenomenon was that of Ramsay
(1958a) who identified fold interference patterns
developed on all scales within the Moine rocks of
the Loch Monar area in Ross-shire (Fig. 3d). His
studies in this area formed the basis of his classic
sub-division of interference patterns and showed
how the structural history of rocks that had under-
gone polyphase deformation could be analysed by
sequential numbering of deformation events and
their associated folds and fabrics (Ramsay 1967).

Many areas of the Moine were subsequently
mapped in detail in the context of this approach
and deformational sequences interpreted in terms
of D1–DX events, each of which might be associated
with a given set of folds, foliations and lineations.
The Moine rocks became a key field laboratory for
assessing the robustness of the various criteria
which had been proposed for the regional corre-
lation of polyphase structures, namely: 1) study of
interference patterns; 2) deformation style; and 3)
overprinting relationships. Attempts were made to
link the detailed chronologies erected by individual
workers in small areas across larger regions of the
Moine (e.g. Brown et al. 1970; Tobisch et al.
1970; Powell 1974). It has long been realized that
correlation is often difficult over large areas for
various reasons (Park 1969). Structures of one gen-
eration may have different styles and orientations
due to heterogeneous strain, and structures of differ-
ent generations may look the same. Subsequently,
widespread sheath folds were recognized on all
scales in Moine rocks (Fig. 3e; Holdsworth &

Roberts 1984; Holdsworth 1988, 1989; Alsop &
Holdsworth 1999, 2004a), features that can form
during single progressive deformation events. This
called into question the traditional interpretation
that changes in fold hinge orientation and closed
outcrop patterns necessarily represented, respect-
ively, the products of refolding and fold interference
sensu Ramsay (1967) unless there is strong support-
ing evidence for two sets of structures (e.g. Roberts
et al. 1984 v. Tobisch 1985).

Recent studies use a more kinematic approach
to structural analysis, focusing on the importance
of identifying transport-parallel mineral and exten-
sion lineations that can be correlated over quite
large areas and are likely to have formed during
single, albeit progressive, deformation events (e.g.
Barr et al. 1986; Kinny et al. 2003a). It has been
confirmed that in most cases, Phillips’ regional
mineral lineations in the northwestern Moine do
indeed lie parallel to the direction of tectonic trans-
port as shown by examination of kinematic indi-
cators (e.g. Kelley & Powell 1985; Holdsworth &
Grant 1990; Holdsworth et al. 2001, 2006, 2007).
Following Roberts & Harris (1983), this has gone
hand-in-hand with the recognition of the need to
analyse variations in strain and to identify low-strain
areas that can preserve vital clues to the early history
of an area, including sedimentological detail as well
as information on facing of primary folds. The sys-
tematic relationships of minor folds and fabrics to
larger km-scale sheath folds within the Moine
Nappe of Sutherland enabled concepts of three-
dimensional (3D) fold hinge-line vergence to be
developed (Alsop & Holdsworth 1999, 2004a). In
addition, it has been recognized that cross sections
through these sheath folds display differently-
shaped eye-fold patterns which enable the
distinction between simple shear and constriction-
dominated bulk shear deformation regimes (Alsop
& Holdsworth 2006; Alsop et al. 2007). It is now
recognized that high-strain zones can be deceptively
simple as a result of the widespread development of
transposition fabrics (Fig. 3f; Rathbone et al. 1983),
and they can also be abnormally complex due to
the development of localized flow-perturbation
folds. Such flow perturbation folds display systema-
tic asymmetries and obliquities which permit the
tectonic transport direction to be determined, even
in areas lacking pronounced mineral lineations
(e.g. Holdsworth 1990; Alsop & Holdsworth 2002,
2004b, 2005, 2007).

Based largely on research in the Moine rocks,
Ramsay (1967) summarized conditions under
which polyphase deformation might occur,
namely: 1) overprinting orogenic events; 2) succes-
sive events in a single orogenic cycle; and 3) pro-
gressive deformation during a single regional
event. Integrated structural and geochronological

THE MOINE SUPERGROUP OF NW SCOTLAND 243



studies have helped to understand the wider context
of polyphase deformation in different parts of the
Moine. Much of the polyphase deformation is attrib-
uted to overprinting orogenic events. Thus it is now
thought that the large basement-cored ‘D1’ folds of
the Morar-Glenelg area are Precambrian in age
(c. 800 Ma; Vance et al. 1998) and it is widely
assumed that many D1 structures elsewhere are of
approximately the same age, although this clearly
needs to be tested by further geochronological
studies. It is quite likely that structures identified
as D1 are themselves polyphase and may not be cor-
relatable (e.g. c. 800 Ma folds at Morar v. c. 730 Ma
gneissic foliations at Druimnadrochit). A similar
situation probably exists for Caledonian structures.
‘D2’ recumbent folds and an associated north–
south mineral and extension lineation (Holdsworth
& Roberts 1984) recognized throughout the Glenfin-
nan and Loch Eil groups are thought to have formed
during the Ordovician Grampian orogenic event
(Rogers et al. 2001). In contrast, D2 recumbent
folds and associated NNW- to NW-trending
mineral and extension lineations within the Morar
Group in Sutherland and Ross-shire formed during
the Silurian Scandian event (Kinny et al. 2003a).
Local complexity within the base of the Naver
Nappe is introduced by the fact that these structures
rework Ordovician and potentially Precambrian
folds of much the same style and orientation and dis-
tinction between these episodes is difficult because
the rocks are commonly high-grade and gneissic.
Further complexity arises from the fact that the D2

folds within the Morar Group in west Sutherland
are themselves polyphase and represent an excellent
example of polyphase deformation during a single
progressive deformation event (e.g. Holdsworth
1990; Alsop & Holdsworth 2007; Leslie et al.
2010). Kilometre-scale flow perturbation folds root
downwards onto underlying ductile thrusts, whilst
arching and deforming overlying thrusts, thereby
confirming a foreland-propagating ductile thrust
system. Geometrically and kinematically identical
folds in adjacent thrust sheets can not therefore be
of similar age. They could be labelled either ‘D2A’
and ‘D2B’ fold sets or D2 and D3. When traced
further south into Ross-shire, these structures are
then themselves refolded by the upright folds that
form the Northern Highland Steep Belt (Fig. 2;
Kinny et al. 2003a), a good example of polyphase
deformation as a result of successive episodes
during a single orogenic event.

Correlation of the ‘Moine Schists’ across

the Great Glen Fault

As mentioned earlier, it had been recognized
before the 1907 memoir that extensive tracts of

meta-sedimentary rocks lithologically identical to
the Moine Schists occurred in the Grampian High-
lands, east of the Great Glen Fault. These rocks,
the ‘Central Highland Granulites’ (Johnstone et al.
1969) were thought to be older than, but transitional
into, the Dalradian succession that outcrops further
to the SE and contains Cambrian fossils in its upper-
most strata. The realization that the ‘Moine Schists’
NW of the Great Glen Fault record Precambrian
metamorphism presented a dilemma given the evi-
dence east of the Great Glen Fault for stratigraphic
passage from the ‘Central Highland Granulites’
into the Dalradian which evidently had not been
affected by any such event. This led Harris et al.
(1978) to propose that the ‘Central Highland Gran-
ulites’ were in fact entirely unrelated to the Moine
sensu stricto and formed a ‘Grampian Group’
which was viewed as the lowest part of a Dalradian
Supergroup. However, geochronological studies
subsequently carried out within the ‘Central High-
land Granulites’ yielded a series of Rb–Sr and U–
Pb mineral ages that broadly correspond to amphi-
bolite facies metamorphic events in the range
840–750 Ma (Piasecki & van Breemen 1979,
1983; Piasecki 1980; Noble et al. 1996; Highton
et al. 1999). The youngest detrital zircon within
these rocks has yielded a U–Pb (SIMS) age of
900 + 17 Ma (Cawood et al. 2003). As a result, it
is clear that at least some of these rocks are of
approximately the same depositional age as the
Moine Supergroup NW of the Great Glen Fault,
and appear to have been affected by Knoydartian-
aged metamorphic events, although even correlation
at group level is not possible at present. A major
unconformity is therefore presumed to separate an
older succession that has been affected by Knoydar-
tian events from a younger succession (Grampian
Group sensu stricto) that apparently passes transi-
tionally upwards into the Dalradian Supergroup
(Piasecki 1980; Robertson & Smith 1999; Smith
et al. 1999; Strachan et al. 2002; see however
Phillips et al. 1999).

Tectono-stratigraphic evolution of the

‘Moine Schists’ in the context of

Neoproterozoic and Lower Palaeozoic

plate reconstructions

The first plate tectonic model for the British Caledo-
nides viewed the Moine rocks as forming the oldest
part of a major sedimentary wedge that accumulated
on the passive North American margin of the devel-
oping Iapetus Ocean (Dewey 1969). It was thought
that the Moine rocks passed conformably upwards
into the younger Dalradian Supergroup, now
exposed in the Grampian Highlands east of the
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Great Glen Fault. At the time of publication of this
paper, little was known of the likely age of initiation
of the Iapetus Ocean, the disposition of palaeoconti-
nental masses prior to its development, or indeed
the age of the Moine rocks (see above). It is now
generally accepted that a supercontinent known as
Rodinia formed at c. 1000 Ma following the col-
lision of three palaeocontinental blocks, Laurentia,
Baltica and Amazonia during the Grenville-
Sveconorwegian orogeny (Hoffman 1991; Dalziel
1992). Various reconstructions have been proposed
for the relative positions of these blocks (Fig. 4).
The reconstruction of Dalziel (1997) places
Baltica opposite East Greenland (Fig. 4b), in
which case NW Scotland was likely located in the
core of Rodinia more or less at the nexus of the
three main continental blocks. Alternatively,
Baltica could have been positioned rather further
to the south (Fig. 4a), with a large oceanic embay-
ment between East Greenland and Baltica
(Cawood & Pisarevsky 2006). In both cases,
however, these parts of Rodinia remained in more
or less their same relative positions through much
of the Neoproterozoic, despite renewed rifting of
some other continental fragments and reassembly
in the Ediacaran of a different supercontinent con-
figuration known as Pannotia (Dalziel 1997). A
further alternative reconstruction features an
inverted Baltica and a possible active margin to the
SE of NW Scotland (Fig. 4c; Torsvik 2003; see
also Kirkland et al. 2007). Rifting that resulted in
development of the Iapetus Ocean and consequent
separation of Laurentia, Baltica and Amazonia did
not occur until 620–530 Ma (e.g. Dalziel 1997;
Cawood et al. 2001; Cawood & Pisarevsky 2006).
In view of the geochronological evidence summar-
ized above that indicates that the Moine rocks were
probably deposited between c. 1000 Ma and c.
870 Ma, it is now clear that they are not related in
any way to the development of the Iapetus Ocean.

In the context of this geodynamic history, three
inter-related questions have emerged: 1) On which
tectonic block were the Moine rocks deposited
within the Rodinia supercontinent? 2) What was
the tectonic setting of the Moine basin(s)? 3) What
caused mid-Neoproterozoic ‘Knoydartian’ tecto-
nothermal events? Studies of detrital zircons
provide evidence for the probable source of the
Moine sediments. Detrital zircons within the
Moine rocks are predominantly in the range
1900–1000 Ma, with age peaks at 1650, 1500,
1400 and 1100 Ma (Fig. 5; Friend et al. 2003;
Cawood et al. 2004; Kirkland et al. 2008). Archaean
to Early Palaeoproterozoic grains are typically rare
to absent and are mainly restricted to the Morar
Group. The Moine sediments were therefore
largely derived from areas of Proterozoic crust,
and not the Archaean Lewisian Gneiss Complex in

NW Scotland or similar-aged units farther afield in
the Laurentian or Baltican shield areas. Amazonia
is also an unlikely source because it lacks significant
Palaeoproterozoic tectonothermal activity necess-
ary to explain the 1.75–1.6 Ga detritus (Cawood
et al. 2007). Either south-eastern Laurentia (and
specifically the Grenville province) or southern

Fig. 4. Schematic palaeotectonic reconstructions of
Rodinia, focusing on the position of the Moine
Supergroup (black star); RP denotes Rio Plata Craton.
Positions of active margins are hypothetical; (a)
reconstruction at 900 Ma (Li et al. 2008); (b) ‘classic’
reconstruction at 750 Ma (Dalziel 1997; Torsvik 2003);
(c) alternative reconstruction for 750 Ma (Torsvik 2003).
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Baltica could in principle have provided most of the
Proterozoic detritus, but unambiguous distinction
between these potential sources is difficult because
both record broadly similar histories. However, the
Moine rocks contain detrital zircons dated at
1500–1480 Ma which can be linked with the
Pinware tectonic event unique to eastern Laurentia.
A source in south-eastern Laurentia is also
consistent with the general south to north or west
to east direction of sediment derivation recorded
within the Moine rocks. For these reasons, it is gen-
erally accepted that the Moine rocks were deposited
on the Laurentian segment of Rodinia (Friend et al.
2003; Cawood et al. 2004, 2007; Kirkland et al.

2008). The Archaean protolith ages obtained for
inliers of Lewisianoid basement gneisses within
the Moine are broadly similar to those of the
Lewisian Gneiss Complex west of the Moine
Thrust Zone (Friend et al. 2008), and provide a
further indication of the probable Laurentian affi-
nities of the Moine rocks.

A number of models have been proposed for the
tectonic setting of the Moine basin(s) during the
Neoproterozoic. Those based on direct evidence
from the Moine rocks fall into three categories.

(a) Rift basin. Soper et al. (1998) presented a
model whereby the Moine rocks were
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Fig. 5. Normalized probability density plots comparing ,10% discordant detrital zircon ages in the range 500–
3000 Ma from the Moine Supergroup and likely correlative units east of the Great Glen Fault (modified from Kirkland
et al. 2008). Sources of data: (a) Kirkland et al. 2008, LMP, Lower Morar Psammite; UMP, Upper Morar Psammite;
GG, Glenfinnan Group; (b) Friend et al. (2003); (c) Kinny et al. (1999); (d) Kinny et al. (2003a); (e) Rogers et al. (2001);
(f) Friend et al. (1997); (g) Cawood et al. (2004).
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deposited in two overlapping half-grabens,
each being bounded to the west by east-dipping
normal faults. The westward-thickening geo-
metries inferred for the Morar Group (Glendin-
ning 1988) and the Loch Eil Group (Strachan
1986) were important aspects of this model.
According to Dalziel & Soper (2001), the
Moine basin was a ‘failed rift’ located in the
core of Rodinia, as a result of the separation
during the early Neoproterozoic of East Gond-
wana from West Laurentia to form the Pacific
Ocean. Various sedimentological arguments
have been levelled against the rift basin
model, including: the small amount of con-
glomerate and absence of fanglomerates, the
absence of rapid lateral and vertical facies
changes, absence of decametre-scale deposi-
tional cycles, the detrital zircon provenance,
that indicates regional (distal) rather than
local source areas, and palaeocurrents and sedi-
ment dispersal patterns which generally remain
uniform over the lateral and vertical extent of
the Moine outcrop (A. Prave pers. comm. to
Cawood et al. 2004; Krabbendam et al. 2008).

(b) Intracratonic (‘sag’) basin. Given the pro-
blems with the rift basin model, and taking
into account the evidence from the detrital
zircon populations for derivation of the
Moine sediments from distal sources in south-
eastern Laurentia, Cawood et al. (2004) pro-
posed that they were deposited in a regionally
extensive intracratonic basin that formed
during thermal subsidence following initial
lithospheric thinning. However, Krabbendam
et al. (2008) argued that the deposition of a
.3 km thick sequence of monotonous high-
energy fluviatile sediments in the lower
Morar Group, implying rapid and sustained
subsidence, is not compatible with such
a model.

(c) Foreland basin. Krabbendam et al. (2008)
suggested that the Morar Group in west Suther-
land can be correlated with the Torridon Group
west of the Moine Thrust Zone, and hence res-
urrected the long-held opinions of Benjamin
Peach, first stated in the 1907 memoir (see
above). These workers further envisage that
both rock units formed part of a large foreland
basin to the c. 1.1–1.0 Ga Grenville Orogen
(see also Rainbird et al. 2001). Correlation of
these units was based on similarities in lithol-
ogy, stratigraphical thickness, sedimentology,
geochemistry, detrital zircon suites (see also
Kirkland et al. 2008, but Cawood et al. 2004
for an alternative view), and stratigraphical
position on Archaean basement. Depositional
age constraints for both successions are essen-
tially overlapping. The origin and tectonic

setting of the higher Moine units (upper
Morar, Glenfinnan and Loch Eil groups) was
not discussed in this study. If deposition of
Glenfinnan and Loch Eil groups was indeed
younger than 900 Ma (Cawood et al. 2004;
Cutts et al. 2010), then a foreland basin origin
for these higher Moine units is unlikely.

Whether the Moine basin was located well
within the interior of Rodinia (Dalziel 1997) or
closer to an active margin of the supercontinent
(Fig. 4a; Cawood & Pisarevsky 2006; Li et al.
2008) does not necessarily preclude any of the
above three basin models. In either tectonic
setting, Knoydartian deformation and metamorphic
events are likely to have been driven by the far-field
effects of subduction around the periphery of the
supercontinent (Cawood et al. 2004; Cutts et al.
2010). It should be emphasized, however, that there
is a complete lack of evidence for contemporaneous
calc-alkaline magmatic activity which suggests that
whichever reconstruction is utilized, the Moine
basin must have been located significantly inboard
of any coeval active plate margin.

The plate tectonic context of the Moine rocks
from the late Neoproterozoic onwards is more
certain. Rifting of the supercontinent Pannotia
occurred in the late Neoproterozoic to the earliest
Cambrian, resulting in development of the Iapetus
Ocean (Cawood et al. 2001). The Moine rocks
were intruded by a distinctive suite of porphyritic
granites during the late Neoproterozoic. These
include the Carn Chuinneag-Inchbae granite
within the Morar Group of Ross-shire (594 +
11 Ma, U–Pb zircon, Oliver et al. 2008) and
granite sheets in east Sutherland (599 + 9 Ma and
588 + 8 Ma, U–Pb zircon, Kinny et al. 2003b).
The broad coincidence in the ages of these intru-
sions and the breakup of Pannotia leads to the con-
clusion that they probably resulted from processes
associated with continental rifting. There is
general agreement that Iapetus started to close
during the early Ordovician, and that collision of
the Laurentian margin with a volcanic arc resulted
in the Grampian Orogeny and widespread defor-
mation of the Moine rocks as well as the Dalradian
Supergroup east of the Great Glen Fault (Lambert
& McKerrow 1976; Dewey & Shackleton 1984;
Dewey & Ryan 1990; Dewey & Mange 1999;
Soper et al. 1999). Silurian deformation and meta-
morphism of the Moine rocks is attributed to the col-
lision of Baltica with the segment of Laurentia that
contained the Northern Highland Terrane (Coward
1990; Dewey & Strachan 2003; Kinny et al.
2003a). The apparent absence within the Grampian
Terrane east of the Great Glen Fault of any evidence
for the Silurian collision event suggests that it was
located further to the SW (present coordinates)
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along the Laurentian margin. A late Caledonian
sinistral displacement along the Great Glen Fault
of at least 500 km is therefore necessary to juxta-
pose the Northern Highland and Grampian terranes
(Dewey & Strachan 2003).

Conclusion

The descriptions and interpretations of the ‘Moine
Schists’ provided by Peach et al. (1907) have been
proven to be essentially correct and laid the ground-
work for a century of distinguished and influential
research that has reached far beyond the confines
of NW Scotland. The Survey workers correctly
recognized the sedimentary protoliths of the
‘Moine Schists’, and identified a fundamental
basement-cover relationship between these rocks
and inliers of gneisses that were deduced to be the
basement on which the Moine rocks had been
deposited. Subsequent fieldwork has only modified
this interpretation in detail. They compared base-
ment inliers within the Moine rocks with the
Lewisian gneisses of the Caledonian foreland, a
comparison which has been reinforced by recently
acquired isotopic data (Friend et al. 2008). B. N.
Peach’s opinion that the Moine and Torridonian
successions are at least in part lateral equivalents
has also been supported by the most recent analysis
(Krabbendam et al. 2008). The view of the Survey
workers that the structures that we now refer to as
‘mineral’ or ‘extension’ lineations generally lie
parallel to the direction of tectonic transport is a
fundamental part of modern structural geology.
Their perceptive recognition of a ‘double system’
of folding presaged the influential work of J. G.
Ramsay carried out c. 50 years later. Further
advances in understanding of the Moine rocks
were mainly achieved through two techniques that
were not available to the Survey workers of 100
years ago – geochronology and palaeomagnetism.
Isotopic studies have confirmed the view of the
Survey workers that the Moine rocks are of Precam-
brian age, and furthermore have demonstrated a
complex, polyorogenic history. Palaeomagnetic
studies, have, worldwide, resulted in a general con-
sensus on the distribution and interactions of conti-
nental blocks during the Neoproterozoic and Lower
Palaeozoic, and thus provided a geotectonic context
within which to understand the results of isotopic
studies.

At the time of writing, the British Geological
Survey has nearly completed revisions of many
of the 1:50 000 maps of the NW Highlands of
Scotland. This database will provide a firm basis
for further analysis of stratigraphic and structural
relationships. The most controversial aspect of
Moine geology relates to the nature and distribution
of the Precambrian tectonothermal events indicated

by isotopic studies. The available evidence tends to
suggest that these are orogenic events, but much
further work needs to be carried out by an integrated
approach involving the isotopic dating of meta-
morphic minerals that can be linked to pressure-
temperature paths (see Cutts et al. 2010). Paradoxi-
cally, this sort of detailed analysis has been routi-
nely carried out in recent years in mountain belts
such as the Himalayas, but is almost completely
lacking in the Scottish Caledonides which is the
most intensively mapped orogenic belt in the world.
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Abstract: Fold and fabric patterns developed within a major Caledonian thrust nappe in NW
Scotland reflect a progressive increase in regional D2 strain towards the basal ductile detachment.
Within the upper greenschist to lower amphibolite facies thrust sheet, the main gently east-dipping
foliations and SE-plunging transport-parallel lineations maintain a broadly similar orientation over
c. 600 km2. Associated main phase, thrust-related folds (F2) are widely developed, and towards the
base of the thrust sheet display progressive tightening and increasing curvilinearity of fold hinges
ultimately resulting in sheath folds. Secondary folds (F3) are largely restricted to high-strain zones
and are interpreted as flow perturbation folds formed during non-coaxial, top-to-the-NW ductile
thrusting. These features are consistent with a structural model that incorporates plane strain
pure-shear flattening with a superimposed and highly variable simple shear component focused
into high-strain zones. The increase in strain over a distance of 30 km across strike is similar to
the increasing deformation observed when structures are traced along strike to the north, and
which are apparently related to proximity to basement-cover contacts. A U–Pb zircon age of
415 + 6 Ma obtained from a syn-D2 meta-granite confirms that regional deformation occurred
during the Scandian phase of the Caledonian orogeny.

Numerous structural studies have focused on the
nature and distribution of folds and fabrics within
thrust sheets (e.g. Ramsay & Huber 1983; Platt &
Lister 1985; Mies 1993; Bayona et al. 2003; Alsop
& Holdsworth 2004a; Diaz Azpiroz & Fernandez
2005). It is generally accepted that variations in
fold and fabric orientations and patterns correspond
to changes in strain intensity or type (k-value)
including progressive rotation of early-formed
folds and fabrics towards the shear plane during
intense non-coaxial deformation (e.g. Bryant &
Reed 1969; Sanderson 1973; Escher & Waterson
1974; Rhodes & Gayer 1977; Bell 1978; Williams
1978; Coward & Potts 1983). Some polyphase
structural sequences result from overprinting of suc-
cessive orogenic events, but other local polyphase

structural sequences may have arisen due to pro-
gressive deformation (e.g. Roberts & Harris 1983;
Holdsworth & Roberts 1984; Barr et al. 1986;
Holdsworth 1990). In this paper we examine the
spatial relationship between fold and fabric patterns
and structural location within a major ductile thrust
sheet in the Scottish Caledonides, and evaluate the
likely controls on the orientation, evolution and
scaling of folds.

The Neoproterozoic metasediments of the Moine
Supergroup in the Scottish Caledonides (Fig. 1)
have undergone orogenesis in the Precambrian
(c. 820–730 Ma ‘Knoydartian’), Ordovician
(c. 470–460 Ma ‘Grampian’) and Silurian (c.
440–420 Ma ‘Scandian’) (Holdsworth et al. 1994;
Strachan et al. 2002; Strachan et al. 2010 and

From: LAW, R. D., BUTLER, R. W. H., HOLDSWORTH, R. E., KRABBENDAM, M. & STRACHAN, R. A. (eds) Continental
Tectonics and Mountain Building: The Legacy of Peach and Horne. Geological Society, London, Special Publications,
335, 255–274. DOI: 10.1144/SP335.12 0305-8719/10/$15.00 # The Geological Society of London 2010.



references therein). The final stages of the Caledo-
nian orogeny (Scandian phase, during the Silurian)
resulted in regionally significant metamorphism to
greenschist-amphibolite facies and widespread
ductile thrusting and folding of the Moine Super-
group, culminating in development of the Moine
Thrust and underlying Moine Thrust Zone (Fig. 1).
We examine in detail the fold and fabric patterns
that developed over 600 km2 within a thrust sheet
in Sutherland, northern Scotland, relate the fold

and fabric patterns to progressive changes in strain
intensity, and use U–Pb (SIMS) geochronology to
date zircons from a syn-D2 meta-granite and
thereby provide a further age constraint on regional
deformation.

Regional setting

The Moine rocks of Sutherland occur in three major
thrust sheets, the Moine, Naver and Skinsdale

Fig. 1. Regional structural geological map showing representative bedding (S0), foliation (S2), and lineation (L2) data,
together with minor folds divided into open (U), close (C), tight (T) and isoclinal (I) F2 and F3 hinges. Major thrust traces
(from east to west) include the Naver Thrust (NT), Ben Hope Thrust (BHT), Achininver Thrust (AT), Moine Thrust
(MT), and the Lochan Rhiabach Thrust (LRT). Major F2 fold axial traces include the Fiag Syncline (FS), Ben Hee
Anticline (BHA), Beinn Direach Anticline (BDA), Carn Dearg Anticline (CDA), and the Sail Rac Anticline (SRA). The
position of the three structural subareas (Zones A, B and C) together with an inset map of Scotland are also shown. The
locations of the two cross-sections (Fig. 2a, b) and schematic section (Fig. 10) are also displayed. The grid lines refer to
the UK national grid and are all within the NC prefix area.
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nappes, bound by major WNW- to NW-directed
Caledonian ductile thrusts (Fig. 1; Moorhouse &
Moorhouse 1983; Barr et al. 1986; Moorhouse
et al. 1988; Holdsworth et al. 2001; Kocks et al.
2006). In addition, the Moine Nappe is imbricated
internally by subordinate structures such as the
Ben Hope and Achininver thrusts (Holdsworth
et al. 2001) (Fig. 1). Most of the deformation in
the Moine Nappe occurred during Caledonian
thrusting at c. 435–425 Ma under upper greenschist
to middle amphibolite facies conditions (Soper &
Brown 1971; Holdsworth 1989; Holdsworth et al.
2001; Kinny et al. 2003; Johnson & Strachan
2006). The Moine rocks that form the Moine
Nappe of Sutherland are mainly psammites, with
minor semipelite, pelite and amphibolite (Holds-
worth 1989; Holdsworth et al. 2001). Sedimentary
structures (cross-bedding, grading, soft-sediment
deformation structures) are commonly preserved
in areas of low strain (Cheer 2006; Krabbendam
et al. 2008). Within the quartzo-feldspathic psam-
mites which dominate the Moine Nappe in the
study area (Fig. 1), metamorphic grade is difficult
to determine accurately. However, the presence of
biotite, muscovite and garnet in pelites, coupled
with hornblende, biotite and garnet in the amphibo-
lite suggests upper greenschist to lower amphibolite
facies similar to that observed along-strike on the
north coast (Soper & Brown 1971; Winchester,
1974; Moorehouse & Moorehouse, 1977; Holds-
worth 1989; Holdsworth et al. 2001, 2006, 2007).

In northernmost Sutherland, the Moine rocks are
interleaved structurally with Archaean (Lewisia-
noid) orthogneisses that are thought to represent
the high-grade basement upon which the Moine
sediments were originally deposited (Peach et al.
1907; Holdsworth 1989; Friend et al. 2008). Some
inliers occupy the cores of anticlinal folds,
whereas others occur as allochthonous slices along
Caledonian ductile thrusts (Strachan & Holdsworth
1988; Holdsworth 1989; Holdsworth et al. 2001).
Detailed structural studies in northern Sutherland
(Holdsworth 1989, 1990; Alsop et al. 1996; Holds-
worth et al. 2001, 2006, 2007; Alsop & Holdsworth
2004b, 2007) as well as in the vicinity of Ben Kli-
breck in central Sutherland (Strachan & Holdsworth
1988) have recognized two distinct sets of Caledo-
nian folds and fabrics which overprint an early
fabric and are referred to here as ‘main phase’
(local F2) and ‘secondary phase’ (local F3) struc-
tures following a nomenclature established by
Holdsworth (1990).

Early structures

D1 structures in the Moine Nappe comprise an early
bedding-parallel foliation, rare minor folds and
weak north- to NNE-trending mineral lineations

(Holdsworth 1989). This early deformation is
associated with metamorphism to at least garnet
grade forming the peak mineral assemblages so
that the syn-thrusting Caledonian overprint (D2) is
of an equivalent or slightly lower metamorphic
grade (e.g. Barr et al. 1986; Holdsworth et al.
2001). D1 is tentatively assigned to the mid-
Neoproterozoic ‘Knoydartian’ orogenic event ident-
ified within the Morar Group in west Inverness-
shire, c. 150 km further south (Rogers et al. 1998;
Vance et al. 1998).

Main phase structures

Caledonian structures developed during ductile
thrusting consistently represent the second and
dominant phase of deformation (D2). A gentle to
moderate ESE-dipping composite foliation (S0/
S1/S2) forms the dominant fabric that intensifies
into belts of mylonites associated with D2 ductile
thrusts. In many parts of the Moine Nappe, a
strong, variably transposed S2 schistosity, which
occasionally preserves crenulations in pelites and
amphibolites, is developed axial planar to
tight-to-isoclinal, reclined F2 sheath folds whose
axes are concentrated around the L2 mineral
elongation lineation (Holdsworth 1989; Alsop &
Holdsworth 1999, 2004a, 2005, 2006). This linea-
tion shows a well developed swing in orientation
from gently ESE-plunging in the west adjacent to
the Moine Thrust to SSE-plunging in the east adja-
cent to the Naver Thrust. Shear sense indicators
(mica fish, shear bands) suggest overthrust move-
ments to the NW or WNW. The lineation is inter-
preted to lie parallel to the Caledonian transport
direction with the regional swing attributed to a pro-
gressive change in the direction of tectonic transport
from sinistrally oblique overthrusting to orogen-
normal thrusting (Barr et al. 1986; Soper et al.
1992). There is, however, a lack of suitable
markers to fully constrain the strain regime.

Secondary phase structures

The main phase structures described above are
deformed by ‘F3’ buckle folds. These are developed
on all scales and the largest of these produce marked
swings in regional strike and changes in the orien-
tation of earlier structures west of the Kyle of
Tongue and east of Loch Loyal (Alsop & Holds-
worth, 1993, 2007; Alsop et al. 1996; Holdsworth
et al. 2007) (Fig. 1). F3 fold axes and associated
axial surfaces display variable orientations with
respect to the regional transport direction and have
been related to the development of flow pertur-
bations during displacement along D2 ductile
thrusts (Holdsworth 1990; Alsop & Holdsworth
1993, 2002; Alsop et al. 1996). F3 structures
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typically crenulate S2 and fold L2; an accompanying
L3 elongation lineation is not developed although S3

crenulations may generate intersections on earlier
surfaces.

Syn-D2 meta-granites

The Moine rocks of Sutherland are intruded by a
suite of variably deformed and metamorphosed
granitic sheets (Read 1931; Brown 1967, 1971).
Many of the granite sheets are focused in the vicin-
ity of the Naver and Skinsdale thrusts and are con-
sidered to have been emplaced during regional D2

displacements on these structures (Barr 1985;
Holdsworth & Strachan 1988; Kinny et al. 2003;
Kocks et al. 2006). They are mostly concordant
and range from a few centimetres to 30 m in thick-
ness, although the Strath Halladale and Strathnaver
bodies are km-scale and hence significantly larger.
The intrusions occasionally incorporate metasedi-
mentary xenoliths and contacts with host Moine
rocks are generally sharp. Some intrusions are pera-
luminous and of likely crustal derivation, whereas
others were derived in part from the mantle
(Brown 1967; Kinny et al. 2003; Fowler et al.
2008). U–Pb dating of zircons from intrusions in
the vicinity of the Naver and Skinsdale thrusts has
yielded crystallization ages mostly in the range
435–425 Ma, thereby indirectly assigning D2 to
the Silurian (‘Scandian’) phase of the Caledonian
orogeny (Kinny et al. 2003; Kocks et al. 2006).

Structural analysis of the Moine Nappe

in the Ben Hee area

The present study extends the existing structural fra-
mework of northern and central Sutherland sum-
marized above into a hitherto poorly studied
portion of the Moine Nappe, centred around Ben
Hee in west-central Sutherland (Fig. 1; Cheer
2006). The Moine rocks are almost exclusively
psammitic with limited occurrences of pelite and
amphibolite that occur in layers and lenses up to
20 m thick. The absence of major basement inliers
in the area suggests that this part of the nappe con-
tains a greater stratigraphic thickness of Moine
metasedimentary rocks compared to adjacent seg-
ments to the east and north where a number of
inliers of the underlying Lewisianoid basement are
exposed (Strachan & Holdsworth, 1988; Holds-
worth 1989; Holdsworth et al. 2001).

The Ben Hope Thrust is marked by up to 100 m
of platy to mylonitic psammites (e.g. NC452397)
(Fig. 1) and it may be traced for over 50 km, to
the south of Loch Shin (e.g. NC379244; Leslie
et al. 2010). In the study area it emplaces psammite
over psammite, but along-strike and to the north

Lewisianoid gneiss and a large pre-tectonic meta-
basic sheet – the Ben Hope Sill – are found in the
immediate hanging wall (Holdsworth 1989; Holds-
worth et al. 2001). The Achininver Thrust (Fig. 1)
is developed in the footwall of the Ben Hope
Thrust and is marked by thin slivers of acidic Lewi-
sianoid gneiss and sheets of metabasic garnetiferous
amphibolite (e.g. NC438465). Psammites adjacent
to the thrust are marked by a strong ESE-dipping
S2 foliation and pronounced L2 lineation. The Achi-
ninver Thrust apparently branches from the Ben
Hope Thrust at (NC424363) suggesting broadly
contemporary movement.

In the present study, we have subdivided the
Moine Nappe in west-central Sutherland into three
zones, from east to west, A, B and C. The upper
boundary of Zone A passes through the poorly
exposed ground approximately 5 km east of
the Naver Thrust. The Ben Hope Thrust marks the
boundary between Zones A and B, whilst the
contact between Zones B and C lies c. 2 km east
of the Moine Thrust and is not marked by an individ-
ual structure. The Moine Thrust itself defines the
structural base of Zone C (Figs 1 & 2a, b). Collec-
tively, the three zones extend some 30 km across
strike with the structure dominated by km-scale
tight folds that are correlated with the F2 folds
recognized along strike and to the north (Holds-
worth 1989; Holdsworth et al. 2001; Alsop &
Holdsworth 2004a, b) and to the east (Strachan &
Holdsworth 1988) (Fig. 2a). S2 dips relatively con-
stantly to the ESE (Figs 2 & 3). Overturned limbs
of F2 folds in the Ben Hee area are marked by
inverted beds as defined by sedimentary structures,
(specifically cross-bedding). Overturned limbs of
F2 folds also display reversals in minor fold and
cleavage vergence. In all three zones inverted beds
show steeper dips towards the east, reflecting their
location on the overturned limbs of F2 folds
(Figs 2 & 3a–c). Major F2 folds typically have
wavelengths of 5–10 km (Figs 1 & 2) and can be
traced along strike for up to 30 km. Structures that
may be analogous to the F3 folds identified further
north are common on mm- to m-scales but no
km-scale examples have been identified. These F3

folds may be distinguished from F2 folds in the
field as they clearly refold the S2 foliation and
associated L2 mineral lineation. The characteristics
of the various structures within each zone are sum-
marized in Table 1 and described below.

Bedding (S0)

In low-strain zones, bed thicknesses are in the order
of 0.1 to 5 m, with poorly defined internal lami-
nations (Cheer 2006; Krabbendam et al. 2008).
Other, more localized areas of psammite are more
highly strained and typically display a flaggy
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Fig. 2. Structural cross-sections (V ¼ H) showing orientations of bedding (S0), and major F2 folds in Zones A, B and C. Solid lines denote bedding (S0) and dashed lines represent
bedding above the ground surface. (a) Line of section runs from (NC34144833) to (NC49883554). (b) Line of section runs from (NC30563549) to (NC48402600). The position
of both sections is shown on Figure 1. Note the reduction in scale of folding and increasing fold intensity and hinge curvilinearity towards the underlying Moine Thrust Zone.
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structure in which most or all signs of original
sedimentary structures have been destroyed by
deformation. The psammites display an overall
reduction in grain-size from Zone A to Zone C
(Table 1). As sedimentary structures including

cross bedding and graded bedding are preserved
across large areas of Zones A–C (see Krabbendam
et al. 2008), this variation is thought, to reflect
in part, original variations in grain size, but this
may have been enhanced by deformation and

Fig. 3. Stereoplots of structural data collected from Zones A, B, and C showing (a–c) bedding (S0); (d–f) foliation (S2)
and Lineation (L2); (g– i) F2 and F3 fold hinges; and ( j– l) F2 and F3 axial planes. The left-hand column gives details of
structural symbols in each case, with Zones A–C being displayed in geographical order (with west to the left).
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recrystallization, especially in Zone C (Table 1).
Stereographic projections of bedding show a
partial p-pole girdle distribution in Zone A
(Fig. 3c), a diffuse girdle distribution in Zone B
(Fig. 3b), and a cluster distribution reflecting
shallow ESE dips in Zone C (Fig. 3a).

Foliation (S2) and lineation (L2)

The intensity of S2 foliation, typically defined by
muscovite, biotite and chlorite, and L2 lineation
defined by quartz, displays a progressive westward
increase from Zone A to Zone C (Table 1). Excep-
tions to this trend occur in narrow (c. 100 m wide)
zones of medium-to-fine-grained mylonitized psam-
mite close to the Ben Hope and Achininver thrusts.
Here the intense S2 foliation is marked by aligned
biotite and muscovite wrapping garnet porphyro-
blasts, together with dynamically recrystallized
quartz and feldspar. The mylonitic textures from
these thrust zones contrast strongly with the sur-
rounding, medium-coarse grained psammites
which are locally flattened and variably overprinted.
Stereographic projections of poles to S2 (Fig. 3d–f)
show gentle to moderate ESE-dips in all three
zones (Table 2). Stereographic projections of L2

(Fig. 3d–f) show a partial p-pole girdle distribution

in Zone A that reflects the variation in orientation of
the lineation from gently south- to ESE-plunging
within the plane of foliation. In detail, L2 in Zone
A is ESE-plunging within high strain rocks
marking the Ben Hope Thrust, while more
SSE-plunging trends are formed further away from
the Ben Hope Thrust. This reflects a regional
swing in lineation trends (Fig. 1, Table 2) (Holds-
worth et al. 2001; Strachan et al. 2002). In Zones
B and C, L2 is gently ESE–SE plunging, although
some WSW and NW-plunging lineations occur on
the re-orientated short limbs of F3 folds. Towards
the structural base of Zone C, gently ESE-dipping
S2 and SE-plunging L2 intensify into, and become
indistinguishable from, mylonitic fabrics associated
with the Moine Thrust.

F2 hinges and axial planes

Major F2 folds with wavelengths of 5–10 km are
found in Zone A, reducing to wavelengths of
2–3 km in Zone B, and ,1 km wavelength in
Zone C (Figs 1 & 2, Table 1). Increasing numbers
of smaller scale F2 folds are also generated in the
transition zone from Zones B to C, where the domi-
nant wavelengths decrease from ,100 m to ,10 m
respectively (Table 1). In Zone A, F2 fold hinges

Table 1. Summary table of sedimentary and structural characteristics from Zones A, B and C

Parameter Zone C Zone B Zone A

Psammite grainsize Medium-fine
(0.5–1 mm)

Medium
(1.5 mm)

Medium-coarse
(1.5–3 mm)

Foliation (S2) intensity Strong Moderate Weak
Lineation (L2) intensity Very strong Moderate Weak–absent
F2 fold scale ,1 km (typically

,10 m)
,3 km (typically

,100 m)
,10 km

F3 abundance and scale Abundant (0.01–1 m) Common (1–10 m) Rare (1 m)

Table 2. Summary table of the mean orientations of structural data collected from
Zones A, B and C

Parameter Zone C Zone B Zone A

Bedding (S0)
028/23E 173/28E 010/27E
(n ¼ 28) (n ¼ 410) (n ¼ 240)

Foliation (S2)
022/20E 002/23E 018/24E
(n ¼ 300) (n ¼ 643) (n ¼ 341)

Lineation (L2)
15/120 17/127 17/135
(n ¼ 262) (n ¼ 318) (n ¼ 97)

F2 fold hinge and axial plane
15/107 13/116 10/108
029/30E 007/30E 015/24E
(n ¼ 61) (n ¼ 78) (n ¼ 26)

F3 fold hinge and axial plane
15/129 13/119 15/090
012/31E 019/44E 175/30E
(n ¼ 120) (n ¼ 92) (n ¼ 3)
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typically plunge gently to the NNE and SSW, while
associated axial planes dip gently to the ESE
(Fig. 3i, l). Stereographic projections of F2 fold
hinges from Zone B show a partial great circle dis-
tribution, with the majority of folds displaying NE–
SW trends, and a relatively low concentration of
SE-plunging F2 hinges (Fig. 3h, k). In Zone C, F2

fold hinges form a well-developed ESE-dipping
great circle distribution (Fig. 3g, j). Correspond-
ingly, the F2 folds typically display very gently to
gently curvilinear hinges in Zone A and B, but
become markedly curvilinear to define sheath fold
geometries in Zone C (Figs 4a–c). F2 axial planes
display variable dips but most are gently to moder-
ately dipping towards the east and SE (Figs 3j–l &
5a–c). In cases where several fold hinge and axial
planar readings are recorded from individual folds,
all of these values are recorded on the stereographic
projections. This removes the possible ambiguity of
calculating a single representative value, especially
from markedly curvilinear folds which may display
.908 of hinge curvature to define sheath geometries
(see Alsop & Carreras 2007 for details of data col-
lection around curvilinear folds).

The change in hinge curvilinearity results in F2

folds showing variation from higher obliquities in
hinge orientation relative to the L2 lineation in
Zones A and B (Fig. 5b, c) to lower (but still vari-
able) obliquities in Zone C (Fig. 5a) (Table 3). F2

folds in Zones A and B are mainly close to tight
(Fig. 6a, b), whereas those in Zone C display a
wide range of values, although they are more typi-
cally tight in cross-sectional profile (Figs 4a–c &
6c). Some variation is to be expected when measur-
ing folds developed at different scales during
progressive deformation. All three zones show a
range of S and Z vergence geometries, although
Zone C displays a pattern of S and Z geometries
consistent with minor fold vergence around major
sheath folds (Alsop & Holdsworth 2004a, b; Alsop
et al. 2007).

F3 hinges and axial planes

F3 folds are typically developed on mm- to tens of
metre-scales. They are rare in Zone A and become
progressively more abundant as one moves
towards Zone C (Figs 3g–i & 4d–f). F3 fold
hinges in Zone B largely mirror the distribution of
F2 hinges and are typically shallowly-plunging
towards the NE and SW. F3 fold hinges define a
partial great circle on stereographic projections,
with a low concentration of southeasterly plunging
directions. Associated F3 axial planes dip moder-
ately towards the SE and are typically slightly
steeper than adjacent F2 axial planes (Figs 3j–l,
5a–c & 6b, Table 2). F3 folds in Zone C show a
weak great circle distribution with clustering

around the SE-plunging lineation (Fig. 3g). Associ-
ated axial planes typically dip gently towards the
SE, sub-parallel to F2 axial planes (Fig. 3j).

F3 fold hinges in Zone B typically display high
angles of obliquity to L2 and are characterized by
open to close geometry and variable vergence
together with a range of axial planar dips (Figs 3h,
5b & 6b) (Table 3). In contrast, F3 fold hinges in
Zone C typically lie within 308 of L2 and are
marked by close to tight geometry (Figs 3g, 4d–f,
5a & 6c) (Table 3). They display predominantly
Z-geometries (viewed down-plunge) associated
with SW-directed vergence and axial planes that
are gently- to moderately-dipping towards the
SE, although considerable variation exists with dips
also towards the NE and SW (Figs 3j & 5a). Similar
F3 geometries are observed immediately along
strike to the north (e.g. Holdsworth 1990; Alsop &
Holdsworth 2004b, 2007; Holdsworth et al. 2007).

U–Pb geochronology

In order to further constrain the age of these folds
and foliations, a syn-tectonic granite sheet which
was intruded directly in to psammites of the
Moine Nappe was sampled and dated.

Sample and zircon characteristics

A foliated and lineated, concordant meta-granite
sheet (sample SA-DC-64) that intrudes Moine
psammites was sampled from Creag nan Suibheag
(Figs 1 & 7a; NC 3881 2926). The intrusion is
c. 4 m thick and may be traced laterally for
c. 25 m (Fig. 7a). The meta-granite is typically
fine- to medium-grained, pink, and equigranular,
with a heterogeneously developed D2 L-S fabric
(Fig. 7b, c). The foliation is defined by the sub-
parallel alignment of trails of muscovite and biotite
interspersed within a granoblastic (but locally rib-
boned) groundmass of recrystallized quartz, plagio-
clase (albitic) and K-feldspar. Epidote is common
and in places is intergrown with clinozoisite; chlorite
occurs as a replacement of muscovite. Accessory
minerals include titanite, zircon and magnetite.
The planar and linear components of the fabric are
parallel to, respectively, S2 and L2 within the host
Moine rocks (Fig. 7b–d).

The zircons extracted from the sample were sub-
hedral to euhedral prismatic grains with visible
internal zonation. After mounting in epoxy resin,
polishing and gold-coating in preparation for
SHRIMP dating, the grains were imaged in a scan-
ning electron microscope by cathodoluminescence.
This revealed the presence of distinct structural
cores of varying appearance in all grains, surrounded
by narrow, poorly-luminescent rims (Fig. 8).
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SHRIMP analysis

Operating conditions for SHRIMP U–Pb dating at
the John de Laeter Centre for Mass Spectrometry,
Perth, Western Australia were routine: analytical

spot size 25 mm; primary beam current 4 nA; mass
resolution 5000 (1% valley); sensitivity for Pb iso-
topes 20 cps ppm21nA21. Minor correction of
isotope ratios for surface common Pb was based
on the measured 204Pb, with the common Pb

Fig. 4. Photographs of F2 and F3 folds all from (NC 340444) on Creachan Thormaid in Zone C unless specified
otherwise. Hammer is 35 cm long and coin is 18 mm diameter. (a) Isoclinal F2 folds developed in mylonitic psammite.
(b) F2 eye-fold pattern (immediately below coin) viewed directly into the transport direction. (c) F2 sheath fold
developed in interlayered psammite and semi-pelite and showing elliptical eye structure (NC 3848 4476). Photo taken
looking into the transport direction. (d) Section view of F3 folds which deform the pre-existing mylonitic S2 foliation.
(e) Close-tight F3 fold hinges which display gently curvilinear hinges on the top surface next to coin. (f ) Close F3 folds
developed within interlayered psammites and semipelites. A new crenulation fabric is locally developed axial planar
to the F3 fold hinges.
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Fig. 5. Percent frequency histograms of geometric fold parameters for F2 and F3 folds from (a) Zone C; (b) Zone
B; and (c) Zone A. Zones A–C are displayed in geographical order (with west to the left). Fold hinge obliquity is
measured relative to the adjacent L2 (–ve is anticlockwise). Fold tightness abbreviations: G, gentle; U, open; C, close;
T, tight; I, isoclinal. Fold vergence is subdivided into S, M and Z folds, and relates to the asymmetry of fold limbs
when viewed down-plunge.
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composition modelled upon that of Broken Hill ore
Pb. U–Pb isotopic ratios were corrected for instru-
mental inter-element discrimination by normalizing
to Perth standard zircon CZ3 (561.5 Ma;
206Pb/238U ¼ 0.0910), incorporating 1.2% spot-to-
spot uncertainty among 12 analyses of CZ3. Ages
were calculated using standard decay constants,
and in the text are quoted +95% confidence limits.

Results and interpretation

The results of 24 spot analyses of 20 zircons from
sample SA-DC-64 are listed in Table 4. The
zircon cores yielded a range of 207Pb/206Pb apparent
ages between 1100 and 1800 Ma, with most ana-
lyses within 15% of Concordia. This age range is
typical of detrital zircons within Moine rocks
(Friend et al. 2003; Kirkland et al. 2008) and inher-
ited zircons within crustally-derived migmatites and
meta-granites thought to have been derived from the
melting of Moine lithologies (Friend et al. 1997;
Kinny et al. 1999, 2003; Rogers et al. 2001). For
this reason, these zircons are also interpreted as res-
titic grains inherited from the (Moine) rocks that
contributed to the granitic melt. They therefore
record the ages of events affecting the source
rocks before anatexis. Seven analyses of the zircon
rims yielded a concordant age population with a
calculated mean 206Pb/238U age of 415 + 6 Ma
(Fig. 8, Table 4). This is interpreted as the age of
igneous crystallization of the granite. Compared to
the analyses of cores, the rims were relatively
uniform in composition, with 400–1000 ppm U,
and Th/U , 0.25. One discordant rim analysis
and three with partial overlap onto core domains
were obtained also.

Discussion

Models for the fold and fabric patterns

The most important variations in geometric par-
ameters of F2 and F3 folds across Zones A, B and
C are summarized in Tables 2 and 3, and shown

schematically in Figures 9 and 10. We now discuss
these patterns further, bearing in mind that any
model must explain the main structural patterns
observed across the Moine Nappe, namely: 1) the
near parallelism of S2 fabrics within Zones A–C;
and 2) the progressive tightening of F2 folds and
increasing curvilinearity of F2 hinges towards high-
strain rocks adjacent to the Moine Thrust which we
regard as the basal detachment of a crustal-scale
shear zone (Figs 9 & 10). In addition, the presence
of abundant shear sense indicators in zones of high
D2 strain, such as the Moine Thrust Zone and the
Ben Hope Thrust, implies a significant component
of non-coaxial deformation during the regional
deformation (Fig. 9a). However, the lack of variabil-
ity in the orientation of S2 foliation across Zones
A–C makes it unlikely that the bulk D2 deformation
was a heterogeneous simple shear since this would
lead to fabrics which would display distinct vari-
ations in orientation with strain. Similar conclusions
have been reached by other workers in the region
(e.g. Coward & Kim 1981; Law & Potts 1987;
Holdsworth & Grant 1990). Accordingly, we
favour a model that combines regionally homo-
geneous plane strain pure-shear deformations with
a spatially variable simple shear component
(Sanderson et al. 1980; Sanderson 1982; Platt &
Behrmann 1986; Holdsworth 1989) (Fig. 9b, c).
Following Holdsworth (1989), we suggest that an
early D2 phase of WNW-directed boundary-parallel
shortening resulted in F2 buckle folds (Fig. 9b). This
was followed by a progressive switch to the domi-
nant regional strain, a boundary-parallel extension
possibly driven by changes in thrust wedge
dynamics due to weakening of the basal detachment
and loading from overlying thrust nappes (see
Holdsworth 1989; Holdsworth & Grant 1990, for
discussion). This modified existing fabrics while
continued simple shear-dominated deformation
was focused along the basal ductile Moine Thrust
ultimately resulting in F2 sheath folds (Fig. 9c).
Thus, it is the presence of a regional plane strain
boundary-parallel extension that encourages sub-
parallel fabrics to develop across the nappe, while

Table 3. Summary table of F2 and F3 fold geometries from Zones A, B and C

Fold style Zone C Zone B Zone A

F
3

fo
ld

s

(y
o
u
n
g
er

)

Obliquity to L2 Low High –
Tightness Close–tight Open–close –
Dip of axial plane Gentle–moderate Moderate –

F
2

fo
ld

s

(o
ld

er
) Obliquity to L2 Low High High

Tightness Tight–isoclinal Close–tight Close–tight
Dip of axial pane Gentle–moderate Gentle–moderate Gentle
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Fig. 6. Photographs of F2 and F3 folds developed within Zones A, B and C. (a) Upper and lower photographs of mesoscopic F2 fold hinges developed within psammites from Zone A.
(b) F3 (upper photo) and F2 (lower photo) fold hinges developed within psammites and semi pelites of Zone B. The F2 fold hinges are formed on the short limb of a larger
WNW-verging anticline. (c) F3 (upper photo) and F2 (lower photo) fold hinges developed within higher strain psammites of Zone C. Note how the scale of folding reduces from
Zones A to C while the intensity of deformation increases.
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the spatially variable simple shear component
results in highly variable strain intensity adjacent
to ductile thrusts which otherwise lack marked
deviations in fabric orientation (Fig. 9). The lack
of significant variation in fold geometries as the
Ben Hope Thrust is approached is considered to be
an artefact of the limited exposure, coupled with
an absence of marked lithological heterogeneity to
encourage the development of folds.

In contrast to the ubiquitous presence of F2 folds
across the three zones, F3 folds are increasingly
common as the high strain area adjacent to the

Moine Thrust is approached (Zone C). There is no
evidence for any temporal gap or metamorphic
break between the two phases of F2 and F3 folding
suggesting that they represent a continuum of pro-
gressive deformation (see also Holdsworth
1990). Within Zone B, the development of typically
open to close F3 folds at a high angle to the
WNW-directed transport direction, coupled with
moderately SE-dipping axial planes, implies a
strong component of layer-parallel shear asso-
ciated with flow perturbation folding (Alsop &
Holdsworth 2002, 2005, 2007). This is consistent

Fig. 7. Photographs of the dated Creag nan Suibheag granite sheet (NC 38812926). Location shown on Figure 1. (a)
View looking north at the upper and lower contacts of the gently inclined Creag nan Suibheag granite. (b) Detailed view
of the lower granite–psammite contact highlighting regional S2 fabric. (c) Cut hand sample of foliated granite showing
the S2 and L2 fabric within the granite. (d) Thin section in plane polarized light (PPL) showing predominantly quartz
(Qtz) and K feldspar (K-feld) undergoing grain boundary and subgrain deformation, together with biotite (Bi),
muscovite (Mu) and epidote (Ep). Width of field of view is 2.5 mm.
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with the slightly steeper attitudes of F3 axial planes,
relative to F2. Within Zone C, the generally lower
obliquity between F3 fold hinges and L2, coupled
with the typical close to tight fold geometry and
gentle-moderately dipping axial planes, suggests
that some F3 fold hinges and axial planes have
undergone a certain amount of rotation towards the
regional shear direction during intense deformation.
The behaviour of the F3 folds in Zone C may repli-
cate to some extent that of the preceding (and there-
fore more evolved) F2 folds. However, some F3

folds may also be generated sub-parallel to the
shear direction during differential layer-normal
shear (see Alsop & Holdsworth 2002, 2005, 2007).
The vast majority (.75%) of F3 folds display Z
geometries (when viewed down-plunge), are typi-
cally developed clockwise of the transport-parallel
L2 lineation and display axial planes which dip
towards the NE and SW as well as the SE. These
relationships collectively suggest a component of
differential layer-normal sinistral shear combined
with layer-parallel displacements. Such relation-
ships are entirely consistent with models of flow
perturbation folding in the Moine Nappe (Alsop &
Holdsworth 2002, 2004b, 2005, 2007).

Regional structural correlations

Various structural studies have been undertaken in
adjacent areas in Sutherland, both to the east and

north at different structural levels from that described
here. Zone A lies within the footwall of the Naver
Thrust which outcrops 5 km east of the study area
(Fig. 1). Reconnaissance mapping, coupled with
the data of Strachan & Holdsworth (1988) suggests
that strain increases structurally upwards as the
thrust is approached. The Moine rocks within a
structural thickness of 1500 m below the thrust are
strongly foliated and lineated. Both F2 and F3 folds
are generally tight to isoclinal and their hinges are
commonly sub-parallel to the SSE-plunging L2.
The structural characteristics of the overlying
Naver Thrust are therefore broadly similar to those
of Zone C adjacent to the Moine Thrust.

The geology of the north coast section differs
from the Ben Hee area in several respects (Fig. 1).
Firstly, there is more lithological variation within
the Moine rocks, which contain mappable units of
pelite and amphibolite. Secondly, basement rocks
are exposed extensively, mainly within the cores
of F2 antiforms, but also as thin allochthonous
slices carried in the hanging walls of D2 ductile
thrusts (Holdsworth 1989; Holdsworth et al.
2001). The north coast section therefore exposes
slightly deeper parts of the stratigraphic succession
within the Moine Supergroup compared to the Ben
Hee area. The Ben Hope and Achininver thrusts
carry basement slices that thin progressively south-
wards so that where these high strain zones are
traced into the Ben Hee area they emplace
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Fig. 8. Concordia plot for deformed granite sheet sample DC64, including CL images of representative grains.
Identified grain numbers are listed in Table 4, and the approximate locations of SHRIMP analytical spots are indicated
by white circles.
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Table 4. SIMS U–Th–Pb data for the analysed zircons from deformed granite sheet sample DC 64

Spot Type* U Th Th/U %com†

206Pb

207Pb/
206Pb

þ/21s 206Pb/
238U‡

þ/21s 207Pb/
235U

þ /21s 206Pb/238U 207Pb/206Pb

Age þ/21s Age þ /21s

10a core 275 185 0.67 0.03 0.10948 0.00061 0.3163 0.0039 4.774 0.067 1772 19 1791 10
12a core 530 242 0.46 0.00 0.10885 0.00115 0.2526 0.0035 3.791 0.069 1452 18 1780 19
6a core 102 94 0.93 0.00 0.10457 0.00104 0.2722 0.0036 3.924 0.069 1552 18 1707 18
3 core 948 309 0.33 0.01 0.10115 0.00030 0.2866 0.0034 3.997 0.050 1625 17 1645 6
4 core 320 180 0.56 0.00 0.10078 0.00053 0.2849 0.0035 3.959 0.055 1616 17 1639 10
2 core 177 81 0.46 0.00 0.10039 0.00070 0.2589 0.0032 3.584 0.054 1484 16 1631 13
7 core 544 240 0.44 0.04 0.09932 0.00063 0.2720 0.0033 3.725 0.053 1551 17 1611 12
16 outer 437 58 0.13 0.06 0.09370 0.00056 0.1904 0.0023 2.459 0.035 1123 12 1502 11
6b outer 475 132 0.28 0.10 0.08957 0.00087 0.1337 0.0018 1.651 0.029 809 10 1416 19
5 core 6 2 0.25 0.21 0.08731 0.01103 0.2225 0.0061 2.679 0.357 1295 32 1367 245
13 outer 668 103 0.15 0.70 0.08517 0.00069 0.1439 0.0017 1.689 0.026 866 10 1319 16
9a core 619 224 0.36 0.01 0.07782 0.00042 0.1929 0.0023 2.070 0.028 1137 12 1142 11
8 outer 353 135 0.38 0.12 0.07783 0.00073 0.1755 0.0022 1.884 0.031 1042 12 1142 19
11 overlap 547 71 0.13 0.29 0.07724 0.00077 0.1013 0.0012 1.079 0.018 622 7 1127 20
14 overlap 193 43 0.22 0.03 0.06518 0.00147 0.0909 0.0012 0.817 0.023 561 7 780 47
1 overlap 622 72 0.12 0.25 0.06329 0.00082 0.0771 0.0009 0.672 0.013 479 6 718 28
17 rim 974 176 0.18 0.02 0.05631 0.00060 0.0679 0.0008 0.527 0.009 423 5 464 24
9b rim 745 132 0.18 0.03 0.05588 0.00063 0.0675 0.0008 0.520 0.009 421 5 448 25
20 rim 556 79 0.14 0.22 0.05554 0.00096 0.0663 0.0008 0.508 0.011 414 5 434 38
19 rim 965 220 0.23 0.00 0.05581 0.00050 0.0662 0.0008 0.509 0.008 413 5 445 20
10b rim 448 46 0.10 0.52 0.05567 0.00148 0.0661 0.0008 0.507 0.016 413 5 439 59
15 rim 730 75 0.10 0.23 0.05545 0.00068 0.0659 0.0008 0.504 0.009 411 5 430 27
18 rim 702 158 0.23 0.07 0.05482 0.00074 0.0656 0.0008 0.496 0.010 410 5 405 30
12b rim 873 88 0.10 0.00 0.05699 0.00051 0.0641 0.0008 0.504 0.008 401 5 491 20

*Spot types: core, central part of grain; outer, towards grain edge; rim, distinctly younger layer at grain edge; overlap, partly on rim.
†%com206Pb is the percentage of common 206Pb, based on the measured 204Pb/206Pb ratio.
‡Pb/U ratios calculated using zircon standard CZ3 (mean 206Pb/238U age 561.5 Ma).
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Fig. 9. (a) Schematic diagram illustrating how the orientation of the S2 foliation (subparallel to the X–Y plane of the
strain ellipsoid) and L2 lineation (subparallel to the X axis of the strain ellipsoid) vary across the Moine Nappe. The S2

foliation intensifies (shown by dashed lines and darker tones) into ductile thrusts without displaying significant
differences in orientation, whilst the L2 lineation sequentially varies from the Moine Thrust to the Naver Thrust.
Theoretical models of strain across the Moine Nappe are modified from Holdsworth (1989) and are considered to relate
to (b) an early D2 phase of boundary-parallel shortening (plane strain pure shear) together with heterogeneous simple
shear concentrated into ductile thrust zones, followed by (c) a later phase of boundary-parallel extension (plane strain
pure shear) with continued simple shear deformation concentrated into ductile thrust zones. The two strain components
(plane strain pure shear and simple shear) are assumed to have coincident Y axes orientated sub-horizontally and normal
to transport. The nappe models assume plane strain with early formed F2 buckle folds modified by progressive
simple-shear dominated deformation towards the high strain zones marked by top-to-the-west shear sense arrows.
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psammites onto psammites (Fig. 1). F2 folds on the
north coast section are typically tight to isoclinal in
style and their hinges generally plunge gently
towards the ESE sub-parallel to the regional L2

lineation. F2 fold hinges define curvilinear patterns
that are associated with sheath folding on all
scales (Alsop & Holdsworth 2004a). F3 folds are
typically developed throughout the north coast
section, and are observed to refold F2 folds. The
development of F2 and F3 folds along the north
coast has been interpreted in terms of progressive
deformation (F2) with continued displacement
along D2 high strain zones in order to generate flow-
perturbation folds (F3).

There are a number of possibilities and models as
to why there should be increased deformation
associated with F2 and F3 folding along the north
coast section; more than one of these reasons may
apply.

1. Lewisianoid inliers are more abundant, poss-
ibly due to a northward, stratigraphically con-
trolled thinning of the Moine cover relative
to the present day surface. These rocks are
lithologically heterogeneous and, towards the
west, are rich in weak, phyllosilicate minerals
formed by retrograde metamorphic associated
with basement-cover interleaving under
greenschist-amphibolite conditions (Holds-
worth et al. 2001).

2. The control is structural with shear zones
marking the Moine Thrust basal detachment
being thicker or closer to the land surface in
the north coast area.

3. The north coast section has experienced more
distributed shortening and/or vertical thinning,
bringing more Lewisian basement units closer
to the surface.

We suggest that model 3 is unlikely since there is no
other clear evidence for the development of a zone of
differential shearing between the study area and the
north coast due to differences in the total amount of
shortening and/or vertical thinning. We therefore
attribute the intensity of F2 folding together with
the widespread occurrence of F3 folds in the north
coast section to higher strains that resulted from
proximity to basement-cover contacts, as well as
the possible controls exerted by the greater proxi-
mity of weak, phyllosilicate-rich basement rocks.
Thus, although strains are generally higher in the
north coast section than in the Ben Hee area, we envi-
sage an essentially similar deformation history and
model of fold and fabric development.

Conclusion

Evolution of structures during regional

deformation

This study has described the evolution of folds and
fabrics developed within the Moine Nappe of
central Sutherland. Typical F2 folds display spatial
variations in orientation, geometry and scale when
traced for c. 30 km across the strike of the thrust
nappe (Fig. 10). Zone A is marked by large-scale,
close-tight F2 folds developed within homogeneous
psammites at high angles to the WNW-directed
transport direction marked by L2. Zone B is also

0                            c. 5 km
Ben Hope/
Achininver
Thrust System

Zone AZone BZone C

L2

Moine 
Thrust

Fiag Syncline

Ben Hee 
Anticline

Beinn Direach
 Anticline

Carn Dearg
Anticline

Sail Rac
Anticline

Fig. 10. Highly schematic 3-D cartoon illustrating the variation in F2 fold style and geometry across Zones A, B and C.
Strain intensity and degree of fold hinge curvilinearity increase from Zones A to C, while the scale of folding typically
reduces. The general trend of the mineral lineation (L2), together with the Ben Hope/Achininver Thrust system
(separating Zones A and B) and the Moine Thrust are also shown. Refer to Figure 1 for approximate location.
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associated with large-scale, close-tight F2 folds
which display increasing hinge variability relative
to the L2 mineral lineation. F2 folds in Zone C are
typically smaller scale, are frequently sub-parallel
to L2 and display pronounced hinge curvilinearity
ultimately resulting in sheath fold geometries adja-
cent to the Moine Thrust Zone. We interpret this
overall structural pattern as reflecting a regional
D2 strain gradient across the Moine Nappe
towards the underlying Moine Thrust Zone. No evi-
dence is preserved for a temporal gap or meta-
morphic break between the F2 folds and the
secondary F3 folds which we therefore interpret as
reflecting a continuum of progressive D2 defor-
mation. F3 folds are largely restricted to high
strain zones and are interpreted as flow perturbation
folds formed during non-coaxial, top-to-the-NW D2

ductile thrusting. The fold patterns described above,
coupled with a lack of marked deviation in fabric
orientation in the high-strain zones, are consistent
with a structural model that incorporates regionally
homogeneous plane strain pure-shear deformations
with a spatially variable simple shear component.
Thus, the regional strain gradient, with deformation
generally increasing towards the west, is punctuated
by more localized zones of high strain associated
with ductile thrusts.

Timing of regional deformation

The age of 415 + 6 Ma obtained for the crystalliza-
tion of a syn-D2 granite sheet is within error of
U–Pb zircon ages obtained from comparable syn-
thrusting granites emplaced at higher structural
levels in the vicinity of the Naver and Skinsdale
thrusts (Kinny et al. 2003; Kocks et al. 2006). The
new data reported here therefore confirm a general
mid- to latest Silurian (to Early Devonian?) age
for foreland-propagating D2 folding and thrusting
which clearly occurred during the Scandian phase
of the Caledonian orogeny.
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Deformation partitioning, foliation successions and their significance

for orogenesis: hiding lengthy deformation histories in mylonites
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Abstract: Although orogenesis commonly lasts 100 million years, a maximum of three foliations
are usually preserved within any outcrop. They record little of the total history due to the effects of
preferential partitioning of progressive shearing along S0. Such reactivation eventually destroys or
rotates multiple successive foliations into parallelism with any layering that is present. Plate
motion subjects a collisional orogen to spatially partitioned, episodic, but non-stop deformation.
The bulk forces operating are horizontal and intermittently vertical (associated with gravitational
load due to crustal thickening) forming sub-vertical and sub-horizontal foliations. These orien-
tations are preserved in the strain shadows of anything competent that hinders reactivation of
the compositional layering. Deformation partitioning results in portions of rock remaining unaf-
fected for many events. Gravitational collapse of over-thickened orogen cores leads to significant
extrusion in orogen rims and a dominance of sub-horizontal foliations in the latter and episodically
continues throughout orogenesis. Reactivation causes decrenulation and/or rotation of foliations
into parallelism with S0, destroying evidence that multiple sub-vertical and sub-horizontal foli-
ations have developed except where preserved as inclusion trails in porphyroblasts and multiply
truncated foliations in mylonites. However, the same processes operate in both the cores of
orogens and ductile portions of their margins.

Macro-, meso- and microscopic foliation geome-
tries and overprinting relationships supply structural
geologists with the bulk of the information that they
use to determine structural histories. Yet most rocks
preserve the effects of very few deformations in
terms of visible foliations in the matrix at outcrop
scale. This characteristic was not recognized as a
problem in the early days of modern structural
geology. However, with the advent of plate tec-
tonics came the quandary of having to rationalize
why deformation events appeared so discrete when
the plate collision processes causing them were con-
tinuous for tens to hundreds of millions of years (e.g.
Hsu 1989). For the last 25 years or so it has been
recognized that rocks that have gone through mul-
tiple deformations have undergone much more
extensive histories of deformation than suggested
by the presence of a schistosity parallel to compo-
sitional layering and one or two other cross-cutting
foliations. The combined effects of heterogeneous
changes in deformation partitioning and reactiva-
tion of pre-existing foliations disguise these exten-
sive histories during multiple successive tectonic
events (e.g. Bell et al. 2003, 2004).

Most mylonitic rocks appear to have very planar
foliations at the scale of an outcrop although they
may be more variable in orientation at larger
scales. Yet some mylonite zones on overall gently
dipping thrusts or steeply dipping shear zones are
mesoscopically very complex internally (Alsop &
Holdsworth 2002, 2004) and contain multiple

generations of mylonitic foliation (Bell 1978; Bell
& Hammond 1984). Perhaps most mylonite zones
have undergone similar long and complex histories
of multiple deformation, but reactivation (Bell
et al. 2005) and reuse (Davis 1995) of earlier
formed mylonitic foliation has resulted in little evi-
dence of this being preserved. Multiple deformation
events are more commonly preserved in schists and
gneisses and many examples have been described in
the literature (e.g. Ramsay 1957, 1963). A few
researchers have interpreted up to ten deformation
events across a region, but generally only three or
four of these are represented in a single outcrop
(e.g. Tobisch et al. 1970). None of the complexity
that one might expect from long-lived orogenesis
associated with continuous plate motion has been
described for mylonites or gneisses or, until recently,
for schists, and this dichotomy has occasionally been
mentioned (e.g. Hsu 1989). How does collisional
orogeny caused by continuous plate motion for
tens to hundreds of millions of years result in such
discrete end products? For the past 35 year geol-
ogists have tended to leave this major puzzle
alone. Yet resolving it could lead to fundamental
insights into structural and metamorphic processes!

With the commencement of quantitative
measurements on inclusion trail geometries pre-
served within porphyroblasts came the recognition
that very lengthy histories of foliation development
had occurred in most porphyroblastic schists but
these were not preserved in the matrix (Bell &

From: LAW, R. D., BUTLER, R. W. H., HOLDSWORTH, R. E., KRABBENDAM, M. & STRACHAN, R. A. (eds) Continental
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Hickey 1997; Bell & Mares 1999; Aerden 2004;
Cihan 2004; Rich 2006; Yeh 2007; Sayab 2008).
Along with this came the realization that reactiva-
tion of foliation parallel to compositional layering
played a role during every deformation that the
rocks underwent (Bell et al. 2003). Generally it is
this phenomenon that generates the inevitable S0//
S1 seen in all multiply ductilely deformed rocks,
rather than macroscopic recumbent isoclinal
folding (Ham & Bell 2004). This process disguises
the incredibly lengthy histories of deformation that
rocks that once lay in the core of an orogen have
been through (Bell et al. 2004). Do the lengthy
histories of foliation development that have taken
place in orogen cores also occur in the overall
gently dipping major shear zones on their margins
or steeply dipping shear zones in other locations?
Mylonites generally do not grow porphyroblasts
because the high strain rates involved in their devel-
opment result in a dominance of plastic deformation
processes over dissolution and solution transfer pro-
cesses (Bell & Johnson 1989) and it is the latter that
control porphyroblast growth. Is there other evi-
dence that would suggest that mylonites have gone
through similar extended histories of foliation
development to those revealed by porphyroblasts
in schists? This paper provides that link and an
explanation for those differences in behaviour that
are observed between foliations on the margins of
orogens and their cores.

Foliations in porphyroblastic schists

Porphyroblastic schists commonly contain remains
of foliations other than that which dominates the
matrix. These remains occur against porphyroblasts,
in their strain shadows, or as inclusion trails where
they have been preserved from the rotational and
destructive effects of reactivation of the compo-
sitional layering (e.g. Bell et al. 2003, 2004). The
most common inclusion trail geometry is a very
straight foliation that crosses most of the porphyro-
blast with curvature being only apparent at the rims
at high magnification. Curvature of the inclusion
trails is more obvious in the next most common
geometry, which is a sigmoidal shape. Spiral and
staircase shapes are less common. However,
cutting eight vertical thin sections spread around
the compass to measure the foliation intersection/
inflection axis (FIA) preserved within the porphyro-
blasts (Bell & Hickey 1997) reveals such geometries
with much greater frequency than when one or two
sections are cut orthogonal to the matrix foliation.
This is mainly due to the fact that such trails can
be better observed in some orientations relative to
the FIA than others. However, some porphyroblasts
preserve FIAs that change in orientation from core
to rim or even core to median to rim, and this

commonly changes inclusion trails from spiral to
staircase shapes from one thin section to the next
(Bell & Hickey 1997). Inclusion trails in porphyro-
blasts are generally truncated by the matrix foliation
in all but the most recently formed porphyroblasts.
They may appear continuous with the matrix
foliation in thin sections cut orthogonal to the
matrix schistosity because the inclusion trails exit
into strain shadows relative to that foliation. Conse-
quently, it is only when thin sections are cut around
the compass that one can be certain that truncational
microstructures relative to the matrix foliation
are not present (e.g. Cihan 2004). Where there is
only one phase of porphyroblast growth, inclusion
trails defining a foliation can have any orientation
(Bell & Bruce 2006). However, once a porphyro-
blast has formed, foliations that are preserved
against its rim, or overgrown by it during multiple
phases of growth, tend to be sub-vertical or sub-
horizontal. This is shown by the inclusion trail orien-
tation data in Figure 1 (see also Hayward 1992,
fig. 10 and Bell & Newman 2006, figs 10 & 12).

Fig. 1. Equal area rose diagrams showing the pitch of
foliation truncations within porphyroblasts in vertical
cross-sections (horizontal lies West–East on page).
For each sample, all of which were collected in the
Appalachians of SW Vermont, measurements were made
from between eight and twelve vertical thin-sections
with different strikes (from Gavin 2004). Note how
sub-vertical and sub-horizontal pitches dominate.
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Foliations in mylonites

Mann and Woodroffe mylonites

The main mylonite foliation in the Mann Fault is
sub-vertical and that in the Woodroffe Thrust is
gently dipping. However, both mylonite zones
contain superb examples of multiply refolded and
multiply truncational mylonitic foliations. In the
Mann Fault isoclinal folds are refolded about iso-
clinal folds with sub-vertical axial planes (Fig. 2)
and these refolds have doubly plunging fold axes
(Fig. 3). Furthermore these refolds are refolded
about isoclinal folds with doubly plunging fold
axes. The fold axes in both cases vary considerably
in plunge, but one can walk along them in spite of
this, and so they tend to have sub-horizontal form
lines. In the Woodroffe Thrust mylonites, isoclinal

folds of the mylonitic foliation are refolded around
folds with gently dipping axial planes and fold
axes that curve significantly towards the stretching
lineation (Bell 1978). The many generations of
foliations generally appear identical in all respects
except that they are successively truncated until
cut by the main mylonite foliation (Fig. 4). Meso-
and macroscopic examples of these in outcrops are
very difficult to distinguish and map because the
foliations are so similar in character (Figs 4 & 5).
Mapping the different generations was attempted at
metre, decametre and hectometre scales within the
Mann Fault mylonites. It was found to be impossible
at detailed scales because one generation could not
be distinguished from the next. Even at macroscales
it was extremely difficult because the foliation
being traced would diverge in two directions at a
high angle to one another. Figure 3 shows most of

Fig. 2. Isoclinal folds in the Mann Mylonite Zone, Mann Ranges, Central Australia, that have been refolded about
isoclinal folds with sub-vertical axial planes and these refolds have doubly plunging fold axes. Width of photo is
approximately 0.5 m.
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Fig. 3. Detailed map of a portion of the Mann Fault mylonites. Younger mylonitic foliation truncates at least two
generations of older mylonitic foliation. All foliations appear very similar in the field. The younger foliation was
mapped by walking it out but correlation of foliations was difficult to impossible in many locations because identical
foliations would veer off from one another at high angles. The older foliation shown was determined from trend surfaces
of foliations oblique to the younger mapped trends.

Fig. 4. Photos (a, c) and line diagrams (b, d) of at least four generations of successively truncated mylonitic foliations
that appear nearly identical from two different slabs of a sample taken from the same location as the field photos in
Figure 5. Woodroffe Thrust north of Amata, South Australia.
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the result of two months of detailed mapping of an
area of less than a 1 km2. The reasons for this are
partly evident in the sample from the Woodroffe
thrust shown in Figure 4 where several genera-
tions of foliation are preserved and some cease
along their length. Multiple refolding and trunca-
tion of foliations is very common even though

macroscopically the gently dipping Woodroffe and
steeply dipping Mann mylonite zones appear to be
relatively planar with the latter having a relatively
constant strike for hundreds of kilometres. At least
four generations of mylonitic foliation can be seen
in some outcrops, or samples on close inspection
(e.g. Fig. 4).

Fig. 5. (a, b) Spectacular outcrop of flying saucer shaped anastomosing mylonite foliation projecting in 3D from the
Woodroffe thrust north of Amata, South Australia. The photos are taken at right angles to one another looking from
the left and right respectively. The hammer is positioned in the same location for both photos and the letters A and X in
each photo mark identical positions on the outcrop to help the reader see the 3D geometry.
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Moine mylonites and nearby rocks

At least three foliations at a low angle to one another
and truncated by the dominant foliation can be seen
within samples of gently dipping mylonitic Moine

pelite/psammite collected at 5 and 25 m above the
Moine Thrust at the NW corner of the Stack of Glen-
coul (Law et al. 2010, fig. 2) in the Assynt region of
the Moine Thrust zone. Figure 6a, b show examples
of this. Looking NNE at right angles to the WNW

Fig. 6. Fine grained mylonitic Moine psammite/pelite collected at 5 m above the Moine Thrust at the Stack of
Glencoul. High magnification photo (a) and detailed line diagram (b) of mylonitic foliation exposed on vertical section
plane striking 1608 and oblique to penetrative stretching lineation which plunges at 88 towards 1128; strike and way-up
is indicated by single barbed arrow. Fine-scale folded foliation truncated by the dominant foliation above the thrust
plane. The axial planes of the folds are truncated at a low angle by a more gently dipping more planar mylonite foliation.
Photo (c) and line drawing (d) of mylonitic foliation exposed on upper portion of 0608 striking vertical section through
sample; foliation is folded by a small-scale S-shaped fold that is truncated across its axial plane by a subsequently
formed more gently dipping zone of intense mylonitization. This truncational foliation is in turn truncated by another
zone of even more gently dipping mylonitic foliation in the bottom part of the field of view. (e) is a magnification of the
fold in (c). Slabs are from sample 2 in Figure 7 (right-hand column).
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directed transport direction and gently ESE plunging
stretching lineation, the main mylonitic foliation is
folded by small-scale S-shaped folds, as shown in
Figure 6c–e. Weak differentiated crenulation clea-
vages can also be observed with a differentiation
asymmetry indicating west side up (Figs 7a, b &
8). These range in orientation from vertical to
dipping east around the base of the Stack. In the
samples shown in Figures 6 and 7 more foliations
are truncated by gentler dipping, sub-horizontal
overprinting new foliations than more steeply
dipping foliations. The differentiated crenulation
cleavage at the Stack of Glencoul is locally sub-
vertically dipping but variably rotated top to the
west to moderate east dips. West of and approxi-
mately 800 m structurally below the Stack of Glen-
coul mylonites (based on cross-section of Elliott &
Johnson 1980, fig. 12) lies the famous duplex invol-
ving multiple repetitions of the Cambrian age Fucoid
Beds beneath the Glencoul Thrust. The bedding as
well as the imbricate boundaries, becomes vertical
towards the east and rear of this duplex (Fig. 9).
This is anomalous for a simple duplex (cf. Boyer &
Elliott 1982). It can be rationalized by subsequent
effects such as tilting on younger ramps but in
this case bedding within the imbricates is locally
folded about vertical axial planes (Fig. 10a) with a
well-developed axial plane cleavage (Fig. 10b).
Combined with the near vertical orientation of the
imbricates, this suggests that horizontally, bulk
shortening has occurred. Sub-horizontally plunging
crenulations have locally developed on this vertical
cleavage. This suggests that the axial planes of
these crenulations are relatively gently dipping
otherwise the steeply dipping foliation would have
been reused or reactivated rather than crenulations
develop (Davis 1995; Bell & Hickey 1998).

Heterogeneous shearing and shortening

strain across and along a foliation

Anastomosing zones of combined shearing

and shortening

Partitioning of deformation during progressive bulk
inhomogeneous shortening generates anastomosing
zones of combined shearing and shortening that
anastomose around zones of relatively coaxial
deformation (Bell & Johnson 1992). This occurs at
all scales in both schists and mylonites. At the
microscale it occurs as foliation wrapping around
porphyroblasts in schists and porphyroclasts in
mylonites. At the mesoscale it occurs as foliation
wrapping around pods of more competent material
in schist and mylonites, such as ellipsoidal pods of
quartz vein or pegmatite, but also around structures
such as fold hinges (Figs 2–5). Such features

provide direct evidence for the heterogeneous distri-
bution of shearing and shortening components
of the deformation at both a high angle to the foli-
ation as well as along it in three-dimensions (3D).
Figure 11a shows a strain field at approximately
constant area (constant volume in 3D) for a
deformation involving overall coaxial deformation.
Figures 11b, c show this strain field superimposed
by successively greater non-coaxial shearing in
which there was no concurrent bulk-shortening com-
ponent. Significantly, differential elongation occurs
along as well as across shear planes. Details of
this are shown in Figure 12 where the strain fields
from Figure 11a, e are greatly magnified and six
of the same originally vertical strain field lines are
marked in heavier ink to show how the extension
varies along shear (‘foliation’) planes. That is,
once an anastomosing geometry has been estab-
lished, it affects the way the strain field further
accumulates concurrent shortening and shearing or
shearing alone and some foliation planes undergo
bulk shortening perpendicular to the foliation as
well as dramatic extension (Fay et al. 2008). This
is not possible in the plane-strain card deck models
of progressive heterogeneous simple shear that
dominate the literature. This has considerable
significance (see below).

Gravitational collapse and evidence for

flattening strains and extension in Y

Price (1973) and Elliott (1976) argued that the
motion on thrusts, and thus the development of
any gently dipping mylonitic foliations associated
with these structures, resulted from gravitational
collapse rather than horizontal compression. Bell
& Newman (2006) argued that such gently dipping
foliations form episodically in orogen cores due to
periods of gravitational collapse. These occur after
periods where horizontal shortening dominates
the upper crust causing crustal over thickening.
Any evidence for significant flattening strains or
extension in Y is of considerable significance for
such interpretations. Strain analysis of deformed
detrital quartz grain shapes (using three mutually
perpendicular thin sections in each sample) in mylo-
nitic Cambrian quartzites beneath the Moine Thrust
at the Stack of Glencoul indicates that strain falls
in the general flattening field (Schmid & Casey
1986, p. 270 – sample RL8330) with stretches
of 26–49% along Y indicated (Law et al. 2007,
2010). The other alternative is that these rocks
underwent a 50–70% volume loss (Law et al. 2007,
2010). However, quartz a-axis fabrics from
samples more than 30 cm beneath the thrust are
dominantly small circle girdles centred about
the pole to foliation (Law et al. 1986; Schmid &
Casey 1986, p. 269 – sample 8330; Law 1987;
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Fig. 7. Fine grained mylonitic Moine psammite/pelite collected at 25 m (left-hand column) and 5 m (right-hand
column) above the Moine Thrust at the Stack of Glencoul. Photos of vertical slabs cut every 308 around the compass for
both samples. The strike and way up of each slab is shown with a single barbed arrow. Black lines follow axial planes of
crenulations with weak differentiated cleavage development on their long limbs. Their axial planes and weakly
differentiated limbs dip more steeply than the main mylonitic foliation and indicate top to east or east side down shear.
White lines follow relics of top to west shear that is sub-horizontal and thus more gently dipping than the main mylonitic
foliation. Dashed white lines follow axial planes of weak sub-vertical microfolds. Sample 1 (a–f) collected at c. 25 m
above the Moine Thrust plane; foliation strikes 0108 and dips 158E; lineation plunges 128 towards 1148. Sample 2 (g– l)
collected at c. 5 m above the Moine Thrust plane; foliation strikes 0008 and dips 108E; lineation plunges 88
towards 1128.
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Law et al. 2010; Lloyd et al. 2010) suggesting that
plastic deformation was in the true general
flattening field. Therefore, volume loss alone does
not provide a solution to the evidence for an along-
strike, or extension in Y, stretching component.
Quartz c-axis fabrics in plastically deformed quartz
veins (sub-parallel to mylonitic foliation) in the
Moine schists above the thrust at the Stack (Law
1990, p. 342; Law et al. 2007, 2010) suggest appro-
ximate plane strain conditions, but no hard data on
strain symmetry is available.

Interpretation

Foliation successions in orogen cores

A large data bank on foliation successions preserved
by porphyroblasts in the cores of orogens reveals
that they consist of alternating steeply and gently
dipping schistosities (e.g. Bell & Mares 1999;
Aerden 2004; Bell & Newman 2006; Sayab 2008).
They result from the dominant deformational
forces that affect non-oceanic crust being horizon-
tally directed, due to compression associated with
colliding plates, and vertically, due to gravitational
load. Indirect coupling between colliding plates
causes crustal thickening and sub-vertical foliation
development. Thickening of the crust leads to
gravitational collapse and sub-horizontal foliation

development (Bell & Newman 2006). Intermediate
orientations between steep and sub-horizontal
form against a porphyroblast rim where there has
been shear against oblique crystal faces (Hayward
1992) due to reactivation of the compositional layer-
ing. They can be preserved by a subsequent phase
of porphyroblast growth. Significantly, foliations
cannot be truncated by younger sub-parallel defor-
mation events unless intervening deformations at
a high angle have folded or rotated them away
from the orientation in which they formed, as
shown in Figure 13. If, through partitioning of
deformation, locations occur where these interven-
ing events have not rotated the foliation (as shown
in Fig. 13c), it will simply be re-used if bulk short-
ening continues in the same direction.

Deformation partitioning and foliation

reactivation

Deformation partitions at all scales during orogen-
esis with weaker grains and rocks types taking up
combined shearing and bulk shortening deformation
and stronger material remaining undeformed
or accommodating more coaxial deformation. The
resulting strain field geometries look very much
like those shown in Figures 11 and 12. Reactivation
of the bedding, due to preferential partitioning of
progressive shearing along compositional layering,

Fig. 8. (a, b) Enlargement of Figure 7d. (c, d) Enlargement of Figure 7e. These photos and line diagrams show the
weakly differentiated nature of the crenulations (west side up shear – are locally differentiated – e.g. Bell & Johnson
1992) with axial planes dipping more steeply than the matrix foliation, and the sub-horizontal top to west shear on shear
zones that dip more gently than the matrix foliation (X in d).
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is the dominant process as deformation progresses
during each episode of foliation development (Bell
et al. 2003). This decrenulates or rotates developing
foliation and any oblique remains of earlier formed
foliations producing the parallelism of S0 and S1

characteristic of multiply deformed rocks (Ham &
Bell 2004).

This phenomenon is well illustrated in the mylo-
nitic Moine pelites/psammites exposed in the
immediate hanging wall to the Moine Thrust at the
Stack of Glencoul (Figs 6–8). Here crenulation
axial planes or shears that cross-cut the main
matrix foliation disappear over a very short dis-
tance, their curvature into the dominant matrix foli-
ation reflecting the antithetic reactivation shear

sense. Thus each episode of foliation development
is spatially partitioned at all scales and reactivation
of compositional layering can destroy the develop-
ing foliation even while it is forming (Bell et al.
2003, 2004). This can remove all evidence in the
matrix of schists and gneisses that multiple sub-
vertical and sub-horizontal foliations have devel-
oped but does not destroy it in porphyroblasts
(Bell & Newman 2006). S0//S1 is thus a product
of numerous deformation events rather than just
the one that the nomenclature suggests. This has
been thoroughly documented by FIA measurement
(Bell & Hickey 1997; Aerden 2004; Ham & Bell
2004; Sayab 2008) and consistent dating of the suc-
cessions of FIAs preserved in porphyroblast cores

Fig. 9. (a) The famous imbricate structure of Peach and Horne involving multiple repetition of the Cambrian age Fucoid
Beds below the Glencoul Thrust. The bedding becomes vertical towards the rear of this stack. The rocks above and
below the duplex are Archaean age Lewisian gneiss; diagram accurately simplified from cross section on Assynt Special
Sheet (Geological Survey of Great Britain 1923). (b) Method used to reconstruct the imbricate stack prior to it being cut
by younger thrusts. Both ends of the Fucoid Beds are locally preserved along the schuppen and, therefore, must have
originally been entirely preserved within each of the original horses. Consequently, the imbricate ramps were projected
up and down and the Fucoid Bed boundaries were then extended to them. The top and bottom boundaries of the duplex
were selected to ensure the Fucoid Beds were fully preserved and to maintain similar sized horses (c) Reconstructed
duplex prior to younger truncational thrusting. The truncational thrusts are highlighted.
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that are truncated by the matrix foliations (Bell &
Welch 2002; Rich 2006; Cihan et al. 2006; Sayab
2006). Some portions of rock at all scales remain
essentially unaffected, as shown in Figure 14, even
after several successive sub-vertical and sub-
horizontal foliation-producing events.

Foliation successions in sub-vertical

mylonites proximal to orogen cores

Truncational foliations in mylonite zones have been
interpreted in terms of anastomosing foliations
around more competent pods being cut through by
later formed mylonitic foliation as deformation
continued (e.g. Bell & Hammond 1984). With the
recognition of successions of sub-horizontal and
sub-vertical foliations preserved in porphyroblasts
from orogen cores, an alternative interpretation is
possible. If the direction of bulk shortening does
not change for a significant period of time, then mul-
tiple cycles of development of a sub-vertical foli-
ation followed by shortening of this foliation
around sub-horizontal axial planes due to gravita-
tional collapse, will occur in sub-vertical mylonites
proximal to orogen cores. The regional foliation in
the Mann Fault mylonites is sub-vertical but
the mylonites are folded and multiply refolded
about doubly plunging fold axes as shown in
Figures 2 and 3. This suggests that the intervening
events that allowed refolding to take place had sub-
horizontal axial planes. The intervening fold axes
would have had sub-horizontal axes prior to the

recommencement of horizontal compression and
further mylonitic foliation development. These
intervening events with sub-horizontal axial planes
resulted in meso- and macroscopic folds but no
new foliation in the outcrops exposed in the Mann
Range. Consequently, each time horizontal
compression again became the driving force for
deformation, these foliations were refolded and
new mylonitic foliation began to develop, in part
through rotation of the old mylonitic foliation in
fold limbs as well as in newly developed trunca-
tional zones that cross-cut adjacent hinge regions.

Foliation successions in mylonites distal

to orogen cores

With the recognition of successions of sub-
horizontal and sub-vertical foliations preserved in
porphyroblasts from orogen cores, the low angle
sub-horizontal truncational foliations in gently
dipping mylonite zones can also be interpreted
in terms of similar processes. The sub-horizontal
mylonitic foliation associated with thrusts closer
to orogen margins is most likely a product of thrust-
ing driven by gravitational collapse (Price 1973;
Elliott 1976) because sub-vertical foliations are
also preserved in such regions as cleavages axial
planar to ‘ramp synclines’ (Bell 1983, 1991).
These cleavages are better interpreted as a product
of shortening of the orogen associated with switch-
ing to horizontal compression when movement
on the thrust ceases for a period while crustal

Fig. 10. (a) Bedding within the imbricates below the Glencoul Thrust that involve the Fucoid Beds is locally folded
about vertical axial planes with a well-developed axial plane cleavage. (b) Sub-vertical cleavage cross-cutting bedding
in the imbricates (both photos courtesy of Peter Cobbold).
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thickening dominates. Ramps previously formed
during thrusting would act as heterogeneities that
result in the partitioning of deformation against
them and thus the development of sub-vertical

foliations (e.g. Fig. 10). In some locations near the
foreland extremities of thrust sheets, successions
of steeply and gently dipping foliations have been
found (e.g. Mitra & Yonkee 1985).

(a)

(b)

Fig. 12. Shows strain fields from Figure 11 (a) and (e) magnified and with the same six originally vertical lines from the
strain field marked with thicker ink to emphasize the variation in extension along the shear plane.

15 000 steps of shortening

15 000 steps of shortening plus
10 000 steps of shear only 

15 000 steps of shortening plus
30 000 steps of shear only

(a)

(b)

(d)

(f)

(c)

(e)

Fig. 11. (a, b) Strain field plus detail around a ‘rigid’ core for a deformation involving overall coaxial deformation
(from Fay et al. 2008) modelled as a plastic material with Mohr Coulomb constitutive behaviour (Ver Meer & de Borst
1984). (c, d) Strain field in (a) superimposed by non-coaxial shearing with no concurrent bulk shortening component
(from Fay et al. 2008). (e, f) Shows strain field in (a) superimposed by 3 times more non-coaxial shearing than
shown in (c) with no concurrent bulk shortening component. Note the area increase with strain.
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Thrusting driven by gravitational collapse
explains how both sub-vertical and sub-horizontal
foliations can co-exist in an intimate fashion. Such
a succession shortens and folds previously formed
thrusts, rotating sub-horizontal mylonitic foliations
away from the plane in which they were developing.
This enables them to be re-deformed and truncated
by newly developing mylonitic foliation when grav-
itational collapse recommenced as shown in
Figures 4–8. Sub-horizontal foliations are particu-
larly prone to this behaviour, even with a shift in
the direction of relative plate motion, because any
further foliation development due to gravitational
collapse or pulling the crust apart also forms a sub-
horizontal foliation, even if the direction of stretch-
ing within that foliation changes (e.g. Bell &
Newman 2006). This is not the case with sub-
vertical foliations, which will change orientation
with any change in the direction of relative plate
motion and thus tend to overprint any pre-existing
foliation. Furthermore, after horizontal bulk
shortening and consequent folding of gently
dipping mylonitic foliation around sub-vertical
axial planes, these folds will drop in amplitude

when the deformation switches to gravitational col-
lapse and reactivation of the mylonitic foliation will
dominate the deformation process (Bell et al. 2005).

Alternating successions of sub-horizontal

and sub-vertical foliations in the Moine

Thrust mylonites

A succession of sub-horizontal and sub-vertical foli-
ation and folding events can be interpreted for the
mylonites adjacent to the Moine Thrust at the
Stack of Glencoul using the framework described
above from orogen cores. At least three well devel-
oped mylonite foliations at a low angle to one
another are present in the samples of mylonitic
Moine pelite/psammite collected at 5 and 25 m
above the Moine Thrust at the NW corner of the
Stack of Glencoul (Figs 6c–e & 7), each one more
gently dipping than the previous. The history that
they suggest is as follows:

(1) The first mylonite foliation was formed, poss-
ibly due to gravitational collapse. However,
there are no criteria, such as porphyroblasts,
to prove it was actually the first foliation that
formed in these rocks and it may have been
reactivated many times prior to development
of the events now preserved.

(2) It was then folded by folds that now have an
S-shape looking north (Fig. 6). These folds
have been rotated by subsequent mylonitiza-
tion. The axial planes of these folds vary in
dip from moderate to shallow angles but dip
more steeply to the east than the truncational
mylonitic foliation that overprints them. This
suggests the first visible mylonitic foliation
was shortened sub-horizontally to form small-
scale folds, which may have had steeply
dipping axial planes.

(3) A phase of truncational sub-horizontal mylo-
nite foliation developed with a more gentle
dip than the axial plane of the folds mentioned
above (Fig. 6). The shear sense on this foliation
appears to be top to the west since the axial
plane of the earlier fold is rotated with an
anticlockwise asymmetry looking north in
two locations where it approaches the over-
printing structure in Figure 6d.

(4) The development of a second phase of trunca-
tional sub-horizontal mylonite foliation sug-
gests that there was an intervening second
phase of horizontal shortening. No relics of
folds associated with this can be seen in the
sample containing this truncation. However,
some outcrops at the Stack of Glencoul
contain a differentiated crenulation cleavage
that is visible in the field and which varies in

S1

S2

S3

S1
S2

S4 S1 S2

S3

(a)

(b)

(c)

Fig. 13. (a) Schematic diagram drawn as a vertical
cross-section showing S1 folded with S2 axial plane.
(b) Shows S1 and S2 from (a) locally folded about a
sub-horizontal foliation S3. (c) Shows S1, S2 and S3 from
(b) locally folded about a sub-vertical foliation S4.
Where the rocks are unaffected by D3, S2 continues to
intensify rather than a new S4 foliation develop.
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dip from steep to moderate to the east. This may
be the event that generated the second phase
of horizontal shortening suggested here. These
could be the crenulations shown in Figures
7g–l and 8 although significant differentia-
ted cleavage is not present in this sample and
these may be even younger structures.

(5) The second phase of truncational sub-
horizontal mylonite foliation developed
(Fig. 6) that is mentioned in point (4) above.
The sample shown in Figure 8 contains relics
of shears with a more gentle dip than the
matrix mylonitic foliation, which have a top
to the west shear sense (Fig. 8). The relative
timing of these to the crenulations in this
photo is uncertain although the shear marked
‘X’ in Figure 8c, d appears to cut through and
displace the crenulations. The other alternative
is that they reflect a locally weaker (due to
deformation partitioning) development of the
first truncational foliation or an even younger
third phase seeing weak similar structures are
present in Figure 7h–l. The shear sense on
these is top to the west.

(6) A weak kink-like crenulation with steeply
dipping axial planes can be seen in the sample
shown in Figure 7a–f and also in Figure 7j–l.
This may represent the last phase of horizontal
bulk shortening that this particular patch of
mylonite foliation underwent. However, mul-
tiple deformation continued in the Glencoul

imbricates that lie approximately 800 m struc-
turally lower (based on cross section of Elliott
& Johnson 1980, fig. 12; see below). These
structures should have formed after those at
the Stack of Glencoul assuming a foreland
propagating sequence (e.g. Boyer & Elliott
1982; Bell 1983, 1991).

(7) Depending on the timing of the relics of shears
in Figure 8, which have a more gentle dip
than the matrix mylonitic foliation and a top to
the west shear sense, there may have been a
seventhandeightheventrecordedintheserocks.

If thrusting is a product of gravitational collapse
(e.g. Price 1973; Elliott 1976; Bell & Newman
2006), then periods of horizontal bulk shortening
are required to thicken the crust. Such horizontal
bulk shortening will cause previously developed
mylonitic foliation to fold and with recommence-
ment of gravitational collapse, new mylonitic foli-
ation can cut through old mylonitic foliation
producing the truncational mylonitic foliation geo-
metries described here in, plus all the geometries
described in Bell & Hammond (1984) but without
them necessarily having started from an anastomos-
ing shape.

Duplex modification below the Moine Thrust

Rotation due to imbricate riding on imbricate
produces bedding and imbricate boundary dips

Fig. 14. Effects of deformation partitioning after four deformation events (modified from fig. 13 in Bell & Newman
2006). This diagram, which is here drawn like a vertical cross-section, works at all scales. The clear patches are portions
of rock that have remained unaffected by deformation after two cycles of alternating sub-horizontal and sub-vertical
deformation events.
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around 35–458 (Boyer & Elliott 1982; Bell 1983). It
has been suggested that the steep bedding dips and
imbricate boundaries, which approach vertical
towards the rear of the duplex below the Glencoul
Thrust (Fig. 9a), are a product of over steepening
due to the formation of ramps towards the foreland
(Elliott & Johnson 1980; Butler 2004). However,
the presence of a vertical cleavage and associated
folds in these rocks (Fig. 10) suggests the alternative
that this steepening was a product of horizontal
shortening of the whole imbricate mass after the
duplex formed. Such bulk shortening should have
folded the roof and floor thrust to this imbricate
stack yet the manner in which they outcrop on the
hillside and plot on the cross-section in Figure 9a
suggests that they are relatively (curvi)planar.
This planar character, v. the folds and cleavage
present within the beds between, suggest that the
current roof and floor faults are younger thrusts
that cut through and displaced the original roof
and floor of the duplex. Butler (2004) recognized
that younger motion on the roof thrust must have
occurred to truncate the tops of the imbricates.
However, the truncated bottoms of the imbricates
in the cross-section shown in Figure 9a must also
result from younger thrust movement. The geometry
of this structure, as it existed prior to younger
thrusting, can be reconstructed as shown in
Figure 9b, c. This better explains the strange geome-
try of this duplex where the upper and lowermost
beds in each imbricate are truncated by the roof
and floor thrusts before they reach the front and
back fault respectively that bounds the imbricate
(as is shown in Fig. 9c). Significantly it provides
another independent line of evidence that periods
of horizontal bulk shortening and sub-vertical foli-
ation development are interspersed with periods of
sub-horizontal foliation development. This structure
requires at least two periods of sub-horizontal foli-
ation development and one of sub-vertical foliation
development to have occurred. Furthermore, the
roof and floor thrusts are gently folded on a large
scale suggesting a subsequent much weaker period
of horizontal bulk shortening. Since conceptually,
these structures should have formed after those at
the Stack of Glencoul (e.g. Boyer & Elliott 1982;
Bell 1983, 1991), combining the information from
both locations suggest at least ten and possibly
twelve successive periods of sub-vertical and sub-
horizontal foliation development. Further study of
the same rocks to the north and south and in the
Moine schist above would probably reveal even
more. The gneissic foliation within the Lewisian
located between the Glencoul and Moine Thrusts
would have folded during horizontal bulk shorten-
ing events, as is currently indicated by the gentle
folds in the duplex boundaries mentioned above,
and straightened out during gravitational collapse

events. Typical of gneisses, these strains would
have been accommodated by reactivation of the
gneissic foliation rather than by the development
of new sub-vertical and sub-horizontal foliations
(e.g. Bell et al. 2005).

Heterogeneously distributed shearing and

shortening v. plane strain

Bulk shortening perpendicular to a mylonitic foli-
ation can readily be accompanied by extension in
the X direction of the strain ellipsoid provided it is
essentially along the dip of the foliation. The mylo-
nitic foliation extrudes towards the topographic
surface along sub-vertical zones or zones that dip
gently towards the orogen core negating any space
problems associated with extension in X, as bulk
shortening takes place in Z (Bell & Newman
2006). Gravitational collapse driven bulk vertical
shortening in orogen cores leads to significant extru-
sion in orogen rims and results in the dominance of
sub-horizontal foliations associated with thrusts in
portions distal to the core (see also, Law et al.
2004; Ring & Kassem 2007). Reactivation destroys
evidence that multiple sub-vertical and sub-
horizontal foliations have developed by decrenula-
tion and/or rotation of the developing or previously
developed oblique foliations into parallelism with
the compositional layering. Exposure along the
transport direction in a gently dipping shear zone
is usually limited but Sullivan (2008) has shown
that the components of coaxial v. non-coaxial
strain vary along transport in the Raft River shear
zone of Utah. Here equal components of coaxial
and non-coaxial strain accommodated simultaneous
top-to-the-east displacement and bulk shortening.
An extreme increase in strain intensity along the
stretching lineation is associated with changes
from the flattening field to plane to constrictional
field strain in the footwall of the Raft River shear
zone with coaxial deformation localized in the
more intensely deformed areas. This heterogeneity
plus the modelling results shown in Figure 12
indicate that along a shear plane the component
of shortening can vary whether or not there is
concomitant bulk shortening.

If there is extension in Y, as suggested by the data
mentioned above from the Moine Thrust mylonites,
there is no reason why this same degree of heterogen-
eity cannot also occur locally along the Y-axis along
a single foliation plane. This could occur with no
macroscopic overall extension in Y along the whole
length of the mylonite zone. Indeed, if the anasto-
mosing strain geometry shown in Figure 12 was
reproduced in 3D, local extension and local contrac-
tion in Y must occur. Total extension in Y is possible
if the mylonite zone tongues out at its extremity
allowing the rock to flow laterally as well. Indeed
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sheath folds and lobate thrust fronts provide fairly
direct evidence that this occurs.

Extrusional flow

When top to the north shear senses were first
reported in the high Himalayas by Burg et al.
(1984) it was thought that the gravitational collapse
of this mountain range that they apparently indi-
cated was a one off, relatively recent phenomenon.
However, if the present is the key to the past, this
phenomenon must occur over and over during oro-
genesis (e.g. Bell & Newman 2006). The processes
described herein are a mechanism by which such
flow occurs episodically as a normal part of all col-
lisional orogenesis rather than a process unique to
Himalayan orogeny. Gravitational collapse in an
orogen core leads to a large amount of relatively
coaxial strain. This results in bulk extrusion,
which provided it is oblique to the orogen trend,
will lead to expulsion of material from the orogen
core into the atmosphere along the orogen
margins. The cumulative effects of coaxial bulk
shortening in the orogen core results in spectacular
accumulative extrusion closer to the margins
and the development of highly non-coaxial strain
on the boundaries of the partitioned zone of shorten-
ing. The extruded material will be bound by shear
zones involving thrusting at deeper levels and
having the opposite sense of shear at higher levels
as shown in Bell & Newman (2006, fig. 18).

Good evidence is present in the Stack of Glen-
coul region for multiple cycles of bulk horizontal
shortening of thrust planes/mylonite zones and
sub-vertical foliation development followed by sub-
horizontal foliation development that reactivated
and intensified the mylonitic foliations preserved
in this region. It compares directly with that pre-
served by porphyroblasts in orogen cores and
strongly suggests that extrusional flow is a normal
and episodically continuing part of orogenesis.
The rocks adjacent to the Moine Thrust contain
very little evidence for top to the east shear (e.g.
Law et al. 1986, fig. 3b). This is more likely to be
present in overlying Moine Schist that is a few
kilometres closer to the orogen core. It would be
preserved as flat-lying weakly differentiated cre-
nulations against coarse-grained material such as
veins or porphyroblasts with a clockwise asymmetry
(looking north) into the differentiated seam (e.g.
Ham & Bell 2004).

Porphyroblasts v. porphyroclasts

Zones of combined shearing and shortening that
anastomose around zones of relatively coaxial
deformation generated by progressive bulk inho-
mogeneous shortening have been shown

experimentally to result in the phenomenon of gyro-
stasis where ‘rigid’ objects are not rotated by the
concurrent effects of progressive shearing strain
(Fay et al. 2008, 2009). This has provided exper-
imental support for a large database derived from
the measurement of FIAs, which indicates that por-
phyroblasts have not rotated during multiple succes-
sive deformation events (e.g. Aerden 2004; Cihan &
Parson 2005; Bell & Newman 2006; Rich 2006; Yeh
2007; Sayab 2008). This phenomenon may also
apply to porphyroclasts, depending on the history
of deformation that they went through. An anasto-
mosing geometry may form around the porphyro-
clast through a significant component of bulk
shortening early in its developmental history. The
experimental results of Fay et al. (2008) suggest
that if this occurs and such porphyroclasts do not
internally deform, they will behave in the same
manner as porphyroblasts and not rotate whether
or not the subsequent deformation involves a com-
ponent of bulk shortening. Fay et al. (2009) have
shown that this applies at high strains and aspect
ratios of approximately 3:1. The tails of recrystal-
lized grains that wrap around such porphyroclasts
need to be interpreted as described in Bell &
Johnson (1992, fig. 25) and this approach may
lead to a reduction in conflicting shear sense criteria
in many mylonite zones.

I wish to acknowledge R. Law for providing mylonitic
Moine samples from the Stack of Glencoul, P. Cobbold
for providing photos of the folds and cleavage in the Glen-
coul Duplex, R. Thigpen for a scanned image of the latter
duplex and A. Ali and A. Shah for fast Moine mylonite slab
orienting and thin section jobs. I also wish to acknowledge
critical reviews by R. Butler, R. Law and D. Prior whose
suggestions helped a lot.
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Abstract: The NW Highlands of Scotland have been an important test-bed for concepts in thrust
tectonics. Here, research following the breakthrough publication of the 1907 memoir is reviewed,
especially that relating to structural evolution in the Moine Thrust Belt. This belt was WNW-
directed, involving cover sediments and thin sheets of crystalline basement. Displacements total
50–100 km within a branching array of thrusts. There are significant lateral variations in imbricate
thrust geometry and localization behaviour. Following the application of linked thrust tectonic
models in the 1980s significant attention has been directed at deducing thrust sequences, patterns
of strain localization, folding styles and the significance of extensional tectonics as part of the struc-
tural evolution. The key has lain in deducing the kinematic linkages between thrusts and other
structures, tracing displacements and examining the consequences of structural interpretations
through geometric restoration. Thrusting models have been up-scaled to the crust. However,
these linked kinematic approaches have been applied only hesitantly to the ductile structures of
the Moine Thrust Sheet where structural research has focused on outcrop-scale deformation,
especially of folds. Consequently, the larger-scale significance for Caledonian tectonics of thrust
systems in the NW Highlands of Scotland has yet to be developed fully.

The historical importance of the research in the NW
Highlands of Scotland, especially by the Geological
Survey in the late 19th century, stems from the
application of detailed mapping methods to record
the patterns of structural geometry, and then to use
these results to deduce the evolution of structures.
The main insights in this regard were published
during the initial mapping (Peach et al. 1888) and
greatly enhanced in the 1907 Memoir (Peach et al.
1907), although most of the critical information is
recorded in the peerless series of 10 (1:63360) geo-
logical maps first published in the 1890s and early
part of the 20th century. The research leading to
the publication of the 1907 memoir (Peach et al.
1907) is well chronicled by Oldroyd (1990) and
some of the content, including representative cross-
sections through the thrust belt, is outlined else-
where (Butler 2010). The aim of the current paper
is to explore what happened next and how thrust tec-
tonic research in the NW Highlands has developed
from such extensive foundations. This has general
importance, as the region has provided an intro-
duction to structural geology for generations of
students. It has also inspired a number of research
avenues of general importance for structural
geology and tectonics. This paper is necessarily
a personal view, different commentators might
chose to emphasize different research and follow
their own narratives. However, the author has been
involved in the structural geology of the NW High-
lands for the past 30 years, a period when much of

the research that followed the memoir (Peach
et al. 1907) has been carried out. Much use here is
made of published cross-sections to illustrate dif-
ferent interpretations and analytical approaches.
This review does not aim to provide encyclopaedic
coverage of the Moine Thrust Belt, nor an array
of cross-sections for the various sectors (as attem-
pted for example by McClay & Coward 1981).
These aspects are covered elsewhere (Mendum
et al. 2009).

At the outset it is necessary to explain the nature
of thrust tectonic models, the data used to create
them and the limits on what they are attempting to
achieve. This account necessarily uses structural
methods and terminology pioneered by Dahlstrom
(1970), Boyer & Elliott (1982) and others. The
usage here follows that of Butler (1982a). The fun-
damental building blocks for thrust tectonic models
stem from the recognition that thrusts rarely cut
through multi-layers in simply trajectories. Rather
they commonly climb up-section through a series
of ramps and flats (Fig. 1) that, after displacement,
are offset between hangingwall and footwall.
Recognizing just a few parts of this architecture
allows the rest of the structure to be predicted –
deductions that have had significant impact on
resource exploration in other subsurface settings.
Displacements can be deduced from cross-sections
and tracked in three dimensions through deformed
regions. A general requirement for strain com-
patibility means that displacements must vary
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smoothly along and through structures, and that
adjacent cross-sections are unlikely to show signifi-
cant differences in bulk strain, unless separated by
tear-faults or oblique-to-lateral shears. Perhaps
most significantly – deformations should be graphi-
cally retro-deformable so that now-deformed rocks
can be shown in a geologically realistic undeformed
state. For sedimentary successions that have experi-
enced a single thrusting episode, the undeformed
state will show the geometry of beds that existed
before thrusting. In simple situations this will be a
stratigraphic layer-cake, but where the original
basin structure was more complex, a greater range
of stratigraphic configurations are feasible. Similarly
on a crustal scale, the pre-deformation template
should show the crustal thickness patterns that
existed before thrusting. Restored section templates
are naturally themselves interpretations and retro-
deformation strategies necessarily require assump-
tions. However, surprisingly few structural models

survive rigorous retro-deformation in that their
restored geometries are geologically unfeasible.
Such failures indicate that the structural model,
including its underlying assumptions, inherent in
the unrestorable cross-section is flawed in some
way. Those profiles that do yield to retro-
deformation are termed balanced cross-sections.
They can make powerful predictions of three dimen-
sional geology especially when allied with branch
and cut-off line maps. Regrettably however there
are very few useful accounts that describe these
methods. Expertise in their use has tended to pass
on by demonstration between a few experienced
practitioners. The use of section balancing and
restoration – even in schematic form – significantly
enhances understanding because it confronts inter-
pretations of structural evolution, not simply focuss-
ing on the final-state geometry.

The preamble above builds upon much origi-
nal research and deductive reasoning, significant

Hangingwall ramp

Footwall ramp

Ramp(Lower) flat

Hangingwall flat

Footwall flat

Slip continues – even though
no stratigraphic separation

Slip continues – even though
no stratigraphic separation

Shallowest horizon that cuts out
defines top of the ramp

Deepest unit in hangingwall anticline 
determines the position of the lower flat

(Upper) flat

Final state 
thrust geometry

Restored template
Pin

Pin

Fault identified from 
bedding truncation

Fault identified from 
bedding truncation

Fault only identifiable 
if stratigraphic repetition 
is interpreted

No fault identified where
stratigraphy is intact

No fault identified where
stratigraphy is intact

Basic interpretation 

AA B C

C

Fig. 1. Developing models of linked thrust geometry. The top diagram illustrates a traditional approach that would
identify faults simply on the basis of stratigraphic discontinuities (A). These apparently isolated fault segments
could be supplemented if the stratigraphy is known and identified as being repeated (B). These different segments could
be linked to give a more continuous, but still incomplete, interpretation. Additional interpretation is needed to
deduce that further fault segments exist (C) which carry displacement but do not show stratigraphic separation. The
complete interpretation joins all these segments together to create a coherent model (the final state thrust geometry).
The test of the validity of this model lies in being able to graphically remove the displacement to create a restored
template. Cross-sections that survive this restoration are referred to as being ‘balanced’.
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contributions to which were made in the NW High-
lands of Scotland. The aim here is to explore how
these insights have arisen and how other aspects of
the structural geology can be interpreted once a
larger-scale framework has been developed. Discus-
sions focus on the Moine Thrust Belt. Figure 2
serves to locate the places discussed here while
Figure 3 shows the stratigraphic nomenclature for
the NW Highlands. It is the simplicity of the strati-
graphy of rocks in the Moine Thrust Belt that has
allowed many of the interpretational approaches to
be developed. Layer-cake stratigraphy removes
otherwise significant uncertainties from the retro-
deformation of cross-sections. With up to 1 km of
vertical relief, which is significant given the low
thickness of the stratigraphic section involved in
the deformation, outcrop of thrust arrays is com-
monly excellent (Fig. 4). Different stratigraphic
horizons have acted preferentially as thrust flats so
that imbricate structures are developed from the
bed to the formation scale (Figs 4a, b, c).

The Moine Thrust Belt (Fig. 2) marks the bound-
ary on mainland Scotland between pervasive defor-
mation within the Caledonian orogenic belt and a
foreland of continental crust undeformed since Pro-
terozoic times. Although characterized as a classic
example of ‘thin-skinned’ tectonics, dominated by
detachment of flakes of upper crustal rocks from
their deeper crustal roots, the term is generally
reserved for thrust belts that involve the sedimentary
cover alone. While there are certainly important
detachment surfaces within the Cambrian cover,
the Moine Thrust Belt is particularly interesting
because it also involves thin sheets of Proterozoic
crystalline basement. (e.g. Fig. 5).

Peach et al. (1907) established the general struc-
tural framework for the Moine Thrust Belt. They
showed that the belt contains major thrust sheets
of the Lewisian basement and that these allochtho-
nous units contain Precambrian structures that can
be correlated with the equivalent features in the
foreland. These correlations were used much later
to establish displacements (Bailey 1934; Ramsay
1969; Coward et al. 1980; Elliott & Johnson
1980). Peach et al. (1907) also demonstrated that
the mappable repetitions of stratigraphic units
resulted from imbricate thrusting, generally con-
tained between major, low-angle thrusts. The rela-
tive sequence of imbrication and thrust sheet
emplacement was discussed – with the general con-
clusion that the low-angle thrusts truncated (and
thus post-dated) the imbricates. Analogue exper-
iments by Cadell (1888) showed that imbricate
thrusts could form without any precursor folding,
in contrast to the then widely-held view to the con-
trary proposed by Heim (1878). Examples of struc-
tural geometry from the NW Highlands developed
by Peach et al. (1888, 1907) illustrated text books

well into the 20th century (e.g. Geikie 1940). The
structural approaches and general conclusions also
influenced the geological investigations in the adja-
cent Highlands, as will be considered later.

Notwithstanding a history of research that stret-
ches back into the 19th century, since Peach et al.
(1907) there have been few comprehensive
reviews of the structural styles found within the
thrust belt. The account by McClay & Coward
(1981) predates much of the modern fieldwork as
does the influential study by Elliott & Johnson
(1980) which only deals with the northern part of
the thrust belt. Subsequent papers tend to focus on
a few sites, especially Assynt and, to a lesser
extent, Eriboll. These shortcomings are partially
overcome by the Geological Conservation Review
(Mendum et al. 2009), which includes a general
overview of the tectonics and structural styles
together with detailed descriptions of the Sites of
Special Scientific Interest within the thrust belt.

The Moine Thrust Belt after

Peach et al. (1907)

It is an interesting sociological observation that
major scientific treatises often inhibit further
research in their areas. This was certainly the fate
of the Moine Thrust Belt following the publication
of the 1907 memoir (Peach et al. 1907). In the
years that followed its publication, and although
the thrust belt was heavily visited, remarkably
little research was directed at map-scale structural
geometry. Bailey (1934) discussed the geometry
of the Assynt culmination, suggesting alternative
models for what now would be described as thrust
branching. In southern Assynt, Read et al. (1926)
re-examined the Borralan igneous complex
(Fig. 2) and its timing relative to thrust structures.
Much later, van Breeman et al. (1979) produced
U–Pb ages for the intrusions (c. 430 Ma). This
settled a debate on the absolute age of the Moine
Thrust Belt which was only constrained by circum-
stantial reasoning (see McIntyre 1954 for discus-
sion, but see Searle et al. 2010). Absolute dating
of the thrusts themselves had to wait until the
Rb–Sr mica geochronology of Freeman et al.
(1998a). Through the middle 20th century structural
research became increasingly directed at meso- and
micro-structural approaches, especially structural
petrology, initially through the research of Phillips
(1937; see review by Law & Johnson 2010). The
southern part of the Moine Thrust Belt, an area
given rather short shrift by Peach and colleagues
during their mapping in the 1880s, was examined
by Johnson (1957, 1960) and by Barber (1965).
While much of the discussion of the middle part
of the 20th century dealt with fabrics and linking
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Fig. 2. Simplified geo-tectonic map of NW Scotland (compiled and modified from Mendum et al. 2009). Key structures
are: MT, Moine Thrust; BHT, Ben Hope Thrust; SBT, Sgurr Beagh Thrust. LS, the Lochalsh syncline and F,
Foinaven are labelled. The boxed area (X) is that of the inset map. On this inset, (a-a0) is the panorama of Figure 5a,
(b-b0) is the line of Callaway’s (1883) section (Fig. 5b), (c-c0-c00) is that of Peach et al. (1888; Fig. 5c), (d-d0) is that of
Elliott & Johnson (1980; Fig. 5d); (e-e0) is that of Butler (2004; Fig. 8b); (f-f0) is that of Coward (1982; Fig. 6c).
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outcrop-scale structures to larger-scale kinematic
models, there were few changes proposed to the
structural geometry developed by Peach et al.
(1907).

To illustrate how ideas have evolved, a set of
historical cross-sections are presented for the
Glencoul transect in northern Assynt (Fig. 5). This
well-exposed and accessible transect (Fig. 5a) is
important as it was critical for Charles Callaway’s
demonstration that the rock sequence in the NW
Highlands was repeated by low-angle reverse
faults (Callaway 1883; Fig. 5b). This profile can
be contrasted with the more elaborate cross-section
of Peach et al. (1888; Fig. 5c). Callaway was content
simply to display the major repetition of ‘Hebri-
dean’ (Lewisian) gneisses and their sediment
cover. Peach et al. enhanced this basic structural
interpretation showing imbrication in the footwall
to the Glencoul Thrust. They made explicit their
interpretation of the relationship between these
imbricates and the major, low-angle thrust surfaces.
It is this cross-section that essentially remained the
definitive version for almost a century.

Issues concerning thrust system geometry and
large-scale structural evolution in the Moine
Thrust Belt were only re-opened at the end of the
1970s. This was motivated by the application of
new understanding of thrust belts derived from the
Appalachians and especially from the hydrocarbons
industry in the Rocky Mountains where Bally et al.
(1966) and Dahlstrom (1969, 1970) developed new
interpretative strategies. The idea that understand-
ing of structural evolution in the Moine Thrust
Belt might be informed by comparison with North
American thrust belts was proposed by Barton
(1978). However, the paradigm shift was provided
by the partnership between Dave Elliott, who
brought his expertise from North America thrust
belt approaches, and Mike Johnson who brought
his extensive knowledge of Highlands tectonics.
This collaboration started in 1974 and led to
Johnson visiting the Appalachians and Rockies
with Elliott and students, in 1976. They moved
activities to the NW Highlands in 1977 – presenting
their results to the annual meeting of the Tectonic
Studies Group in Leeds in the December of that

Fig. 3. Simplified tectonostratigraphic columns for the NW Highlands. Thicknesses and terminology after Mendum
et al. (2009).
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Fig. 4. Thrust structures from the NW Highlands. (a) Looking west onto the northern part of the Foinaven wilderness (Fig. 2; area described by Butler 1982a). The view shows
large-scale repetitions of Pipe Rock units than run out into the foreland. (b) The Creag Shomhairle duplex (Foinaven wilderness, Fig. 2; described by Butler 1987). This
shows repetition of c. 5 m of stratigraphy within an array of imbricate slices. The back-steepening of these slices has classically been taken as evidence for piggy-back thrusting.
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Fig. 4. (Continued) (c) The Beyond Hope duplex (north Eriboll area, Fig. 2) of Bowler (1987), developed by imbrication of c. 15 cm of Pipe Rock. (d) Hanging wall anticline
developed in Pipe Rock in the Heilam district, north Eriboll (Fig. 2), a structure described by Fischer & Coward (1982). (e) Looking north from Sgurr Ruadh onto the profile of the
Beinn Liath Mhor ridge in the Torridon area of the Moine Thrust Belt, showing imbrication of Torridon Group (Torr Gp) with Cambrian of the Eriboll Sandstone Formation (Lwr
qzite, Lower Quartzite Member; PR, Pipe Rock Member). This section is described by Butler et al. (2007). The horizontal distance between the two summits, identified by their
elevations, is approximately 1 km.
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Fig. 5. The Glencoul transect of the Moine Thrust Belt. All locations are on Figure 2. (a) Panorama across Beinn Aird da Loch with interpretation based on observations
by the author; (b) Callaway’s (1883) cross-section through the Aird da Loch peninsula;
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Fig. 5. (Continued) (c) Peach et al.’s (1888) cross-section (note that the section breaks at the Stack of Glencoul and is inaccurately orientated in the original); (d) Elliott &
Johnson’s (1980) profile.
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year. The formal publication of their work appeared
two and a half years later (Elliott & Johnson 1980).
They took the original mapping and descriptions of
Peach et al. (1907) to which they applied cross-
section balancing and restoration methods to estab-
lish the scales of displacement in the thrust belt. As
shown on Figure 1, understanding of structural evol-
ution required tracking displacements through the
network of thrusts implied by an interpretation.
Elliott & Johnson (1980) showed that major
thrusts and their intervening imbricate structures
could be kinematically linked and broadly coeval.
Thrust networks were mapped out using longitudi-
nal sections and branch line maps. Displacements
were traced along strike even where thrust sheets
show lateral changes in geometry. In effect this
approach moved from viewing structural evolution
simply on cross-sections to generating three dimen-
sional models. Thus adjacent cross-sections must

be mutually compatible, not necessarily showing
identical thrust sheet geometries but by having
comparable amounts of displacement. Many of
these approaches were laid out in the much-cited
paper by Boyer & Elliott (1982) but had been pre-
ceded by the Moine Thrust Belt studies described
by Elliott & Johnson (1980).

The tacit assumption, inherited from the North
American thrust systems, was that thrusts developed
in a strict order, with the structurally highest thrusts
forming first, followed in turn by progressively
lower ones (a so-called ‘piggy-back’ sequence).
Elliott & Johnson challenged some of the geometric
elements shown in the cross-sections of Peach et al.
(1907). Notwithstanding discussions at the time,
Peach et al. (1907) had considered that the major
thrusts simply sliced through the systems of imbri-
cate thrusts (see Butler 2010). So influential was
Elliott & Johnson’s (1980) paper, together with its

Fig. 6. Structural profiles through parts of the Moine Thrust Belt by Coward, showing deviations from the duplex
model of subsidiary faults. (a) Cross-section through the Arnaboll area (Eriboll, see Fig. 2) by Coward (1984a). The
Arnaboll Thrust is shown to be cut (breached) by imbricates splaying from the Sole Thrust. (b) Cross-section through the
southern Assynt district at Knockan (see Fig. 2) by Coward (1983), with the Moine Thrust over-stepping and
decapitating the imbricated Durness Group in its footwall. (c) Coward’s (1982) cross-section through the Glencoul
Thrust Sheet (f-f’ on Fig. 2), showing linked normal faults and thrusts which collectively define ‘surge zones’.
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derivative that contrasted the Moine Thrust Belt
with North American and Alpine examples (Boyer
& Elliott 1982), that even today thrust belts
around the world are described as forming either
‘in sequence’ or ‘out-of-sequence’. They brought
an elegant simplicity to the study of the Moine
Thrust Belt that envisaged the complexity of cross-
sections to derive from the repetition of individually
simple structures. Section balancing and restoration
approaches, essentially illustrating the evolution of
individual and arrays of thrusts and exposing the
implicit consequences of particular interpretations,
made powerful predictions of structural geometry,
especially the relationships between major thrust
sheets and the arrays of imbricate thrusts (duplexes)
between them.

Elliott & Johnson’s (1980) cross-section through
the Glencoul area is reproduced here for comparison
with the older versions by Callaway (1883) and
Peach et al. (1888). Their profile (Fig. 5d) shows
the eroded structures, especially a prediction of the
hanging-wall ramp on the Glencoul Thrust. The
section also continues below sea-level to show the
Cambrian strata of the foreland underlying the
thrust structures. By showing more interpretation,
Elliott & Johnson have made explicit predictions
of structural geometry and linked these into adjacent
parts of the thrust belt. Their cross-section is there-
fore more useful than the others in Figure 5. For
example, the inferred western limit of Lewisian
rocks within the Glencoul Thrust Sheet was traced
using hanging-wall cut-off line maps (Elliott &
Johnson 1980). Their cross-section also shows the
Glencoul Thrust to be folded, bulged up by duplex
structures in its footwall, in the An t-Sron units
and in the Pipe Rock. This relationship conforms
to the duplex model with the Glencoul Thrust
acting as a roof to these underlying duplexes and
it contrasts with the planar geometry of the thrust
shown by Peach et al. (1888).

Elliott & Johnson’s (1980) study inspired a new
generation of structural mapping in the Moine
Thrust Belt, especially by Mike Coward and co-
workers, already underway as the paper was pub-
lished. This new work accepted the fundamental
importance of tracking displacements through
arrays of thrusts and the need to demonstrate the
validity of structural interpretations by constructing
restorable cross-sections. However, the new
research quickly challenged the simple notion of
strict thrust sequences that underpinned Elliott &
Johnson’s (1980) re-interpretation of the original
mapping (Peach et al. 1907). The range of structural
geometries and their implications for the relative
sequence of thrusting is reviewed by Butler
(1987). The key aspects are that simple foreland-
propagating thrust sequences can be more complex
if imbricates do not simply roof into overlying

thrusts but rather cut on up into higher thrust
sheets (so-called ‘breaching’). This type of geome-
try was described by Coward (1984a; Rathbone
et al. 1983) for the Arnaboll area. His profile is
reproduced here (Fig. 6a). In this way originally
over-ridden rocks can be carried back onto top of
thrust sheets, which can lead to stratigraphically
younger rocks being placed on top of stratigraphi-
cally older. This revelation contradicts the strict
requirements of thrust structures, which according
to Elliott & Johnson (1980) must always place
older onto younger rocks.

At other locations Coward re-affirmed the geo-
metries first described by Peach et al. (1907) –
namely that low-angle thrusts truncated imbricates
in their footwall. The most striking example
comes from the Knockan area of the thrust belt
(Coward 1983; Fig. 5b). The significance of these
‘overstep’ geometries has remained controversial
ever since. It is unclear whether these truncating
structures formed as part of the main thrusting
episode that accommodated crustal shortening,
representing an exception to the general piggy-back
sequence proposed by Elliott & Johnson (1980), or
if, as Coward (1983) favoured, they were active as
low-angle, extensional faults. Coward (1982)
showed that several major tectonic contacts in the
thrust belt did not honour this behaviour and cut
gently down-section. Other faults were mapped as
listric extensional structures. Coward (1982) pro-
posed the radical notion that these geometrically
extensional structures linked kinematically with
thrusts to define so-called ‘surge-zones’. An
example (Fig. 6c) is shown from the northern
Assynt district, a few kilometres along strike from
the Glencoul section (Fig. 5). He went on to interpret
these structures as the keels to larger-scale gravita-
tional instabilities within the outer part of the Cale-
donian orogenic belt that formed by gravity
spreading (Coward 1983). Linked systems of exten-
sional faults were mapped out beneath major low-
angle faults, previously interpreted as thrusts. The
notion of extensional reworking of contractional
structures, accommodating gravitational collapse
of the Caledonian orogen, was further developed
in the Moine by Holdsworth (1989).

Notwithstanding the local issues of surge zones
and overstep fault geometries, much of the work
following Elliott & Johnson (1980) confirmed the
general notion of foreland-directed (piggyback)
thrusting (Butler 1982b, 1984, 1987; Coward
1984a). Subsequent research in the 1990s, based on
new mapping, has challenged some aspects of the
results of research in the 1980s (e.g. contrast
Coward et al. 1980, with Krabbendam & Leslie
2004). The motivation for much of this more
recent work has come from increasing public under-
standing of the geology and geo-conservation, with
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designation of the NW Highlands Geopark, the
British Geological Survey’s renewed ambition to
republish the series of geological maps (at 1:50 000
scale) for the Moine Thrust Belt and the Geological
Conservation Review (Mendum et al. 2009).

Structural styles: localization of

deformation in the Moine Thrust Belt

The development of research over the past 30 years
in the Moine Thrust Belt can be tracked using
several themes, all of which are relevant to general
understanding of patterns in the localization of
deformation in the continental crust. Some of these
issues have a long history. Back in the 19th
century, one of the chief motivations behind
Cadell’s (1888) analogue experiments lay in demon-
strating that thrust faults could form directly from
contractional deformation of strata, rather than be
preceded by an episode of folding (as proposed for
Alpine examples by Heim 1878). In modern terms
this faces the issues of strain localization and struc-
tural styles, important today for predicting sub-
seismic deformation in hydrocarbon exploration
and production projects. By varying the materials
used in the experiments, Cadell (1888) produced
different deformation geometries, from clean-cut
thrusts through to buckle folds. But the general
notion that thrusts need not evolve with strain and
folding was used to guide the construction of cross-
sections by Peach et al. (1907). Research in the later
part of the 20th century challenged this notion.

Strain in thrust sheets

Before the application of thin skinned thrusting
models, the Moine Thrust Belt in the 1970s attracted
renewed research interest that came from a desire to
quantify the finite strain in rocks, as pioneered and
promoted by John Ramsay (1967, 1969). These
approaches were directed at the Cambrian quartzites
of the Pipe Rock. Local deformation of Skolithos
burrows had been recognized by Peach et al.
(1907) who used the deflection of burrows from
their assumed pre-deformation state (bedding-
perpendicular) as a qualitative marker of the sense
of bedding-parallel shear. These strain studies
were quantified by Wilkinson et al. (1975) to estab-
lish a kinematic shearing direction (top-to-WNW),
confirming the deductions of Peach et al. (1907).
These results apparently settled a debate that had
raged since the 1950s on the significance of linea-
tions and their implications for tectonic transport
(see McIntyre 1954; Law & Johnson 2010 for dis-
cussion). These issues are discussed further below.

The research of Mike Coward and students took
the strain studies far further, examining different

strain components and the implications for thrust
sheet deformation (Coward & Kim 1981; Fischer
& Coward 1982; Coward & Potts 1983; Coward
et al. 1992). The initial motivation for the strain
studies of Coward’s group was to use the strain pat-
terns to test dynamic models of thrust sheet empla-
cement (e.g. Elliott 1976; Chapple 1978). However,
by the early 1980s it was realized that displacements
on discrete faults or very narrow shear zones con-
tributed far more than strains distributed within
thrust sheets to the overall deformation and thus dis-
tributed strains probably had little relevance for
deducing emplacement mechanisms. Consequently,
strain research became more focused on kinematic
issues such as the identification of patches of differ-
ential movement (e.g. Coward 1983), interpreted as
due to different thrust propagation behaviours, tip
development, thrust zone localization and folding
(Fischer & Coward 1982). The different strain his-
tories could be mapped out through different parts
of the thrust belt (Coward et al. 1992) and as such
could be demonstrated to have only local signifi-
cance, due to the unique structural histories experi-
enced at individual locations. Coward’s group were
able to factorize the strain components of layer-
parallel simple shear in the transport direction,
wrench shear components, layer-parallel extension
and layer-parallel shortening strains. The work of
Coward & Potts (1983) effectively previews the
quantifications of general strain developed else-
where a decade later (e.g. Tikoff & Fossen 1993).

The strain state in thrust sheets in the NW High-
lands is remarkably varied. Although there is a ten-
dency for Pipe Rock in structurally higher units to
display greater magnitudes of distortion than their
underlying counterparts, these patterns are critically
limited to a few sites in northern Assynt and Eriboll.
Shear strain in excess of 10 (albeit accompanied by
layer parallel extension) are recorded in these areas.
Since the 1980s this type of research has focused on
using petrofabrics from sheared quartzites to define
different deformation kinematics, especially within
the mylonites at high structural levels in the thrust
belt. This research is reviewed elsewhere (Law &
Johnson 2010).

The strain studies are important because they
indicate that thrust surfaces did not localize as per-
fectly as implied by Peach et al. (1907). Many of
the strains recognized by Coward and others can
be related to a bedding reference frame. Therefore
weak layer-parallel shortening generally formed
while bedding was essentially in its undeformed
state – before being re-orientated by slip on shaped
thrust surfaces. Thus, at least concerning the Pipe
Rock, thrusting was regionally preceded by widely
distributed, generally low amounts of layer parallel
shortening strains that are heterogeneously devel-
oped along the length of the thrust belt. It is
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conceivable that the measured strains represent a
hardening threshold after which the Pipe Rock
failed along discrete fault surfaces. In a few cases,
significant distributed strains have developed later.
For example, Fischer & Coward (1982) chart flex-
ural flow (with bedding parallel shear strains of
about 1) associated with large scale folds within
the Arnaboll Thrust Sheet in Eriboll.

Basement involvement

A recurrent theme in Moine Thrust Belt research has
addressed the mechanisms by which crystalline
basement has become involved in the tectonics.
Aspects of these issues have been reviewed recently
(Butler et al. 2006) and so extensive discussion is
not required here. There are also further discussions
presented in a companion paper (Wibberley &
Butler 2010). Recent controversies have focused
on the significance of internal deformation within
the displaced masses of crystalline basement
rocks. Examples of Lewisian basement such as
those within the Glencoul Thrust Sheet (Fig. 5)
show very little post Cambrian deformation with
both Proterozoic mineralogies and structures pre-
served largely intact. Wibberley (1997) recorded
arrays of epidote and chlorite-coated fractures in
the thrust sheet that he related to deformation associ-
ated with displacement over ramps in the underlying
Glencoul Thrust. These patterns are in stark contrast
to the strongly deformed tracts that characterize
parts of the Kishorn Thrust Sheet in the southern
part of the thrust belt. Cross-sections from the
1950s and 1960s (e.g. Kennedy 1954; Barber
1965) show folded basement-cover contacts in
thrust sheets passing down into broader zones of
deformation (Fig. 7a). Thus some thrust sheets in
the southern sector of the thrust belt have been
thoroughly retrogressed, only locally preserving
Proterozoic structures. Why there should be these
regional differences in the localization of behaviour
in the thrust belt is unclear but they serve as warn-
ings against adopting one simple model for the
incorporation of basement sheets in thrust belts.
One tentative explanation for the differences is
that deformation in the crystalline basement was
influenced by pre-existing structures, especially
late Proterozoic faults that had a heterogeneous
distribution in the crust prior to Caledonian thrust-
ing (Butler et al. 2006). Further work is needed to
investigate these ideas.

Folding styles

As the main research continued in the Moine Thrust
Belt through the early 1980s, elsewhere models that
quantified geometrically the relationship between
thrust shape and fold architecture were developed

(e.g. Suppe 1983). The approaches can be taken
further to reduce interpretation uncertainty and
increase the rigor of regional-scale cross-section
construction. However, although these geometric
models are seductive, for many examples they are
not appropriate. Inspired by outcrops in the Eriboll
district (Fig. 2), Fischer & Coward (1982) devel-
oped a quantitative kink-band model for thrust-
related anticlines to predict the magnitudes of
shear strains formed during the flexural flow that
accommodated folding. However, they noted that
many anticline forelimbs and the associated cut-
off angles for hanging-wall ramps did not match the
predictions that would come to be shown in Suppe’s
(1983) models. Fischer & Coward deduced that
thrust ramp initiation was commonly preceded by
a period of buckling and distributed layer-parallel
shortening. An example of the fold geometry in
the northern part of the thrust belt is shown in
Figure 4d. Williams & Chapman’s (1983) generic
description of tip strains, displacement and thrust
propagation developed elsewhere offered better
explanations of the structural geometry for thrust-
fold complexes in the Moine Thrust Belt, especially
the formation of footwall synclines. Furthermore,
Knipe (1985) argued strongly that sharply angular
ramp-flat geometries used in the Suppe (1983)
model were mechanically unrealistic, incompatible
with strain rates deduced from microstructures,
and that thrust trajectories tend to form smoothly.
Consequently the ramp anticlines are broad, without
angular hinges and imbricate slices have sigmoidal
shapes on cross-sections. If kink geometries and
dip-domain methods were applied to construct
regional-scale section in the Moine Thrust Belt,
while appearing attractive, they would give a false
impression of structural style.

In the southern part of the thrust belt, large-scale
recumbent folds, with overturned limbs with across-
strike widths in excess of 5 km, were originally
recognized by Peach et al. 1907). The largest
example is the Lochalsh syncline (Fig. 7b), part of
the Kishorn Thrust Sheet. The structure was sub-
sequently studied by Bailey (1939), Johnson
(1960), Potts (Coward & Potts 1985) and, most
recently, described in chapters both by Barber and
by Cheeney and Krabbendam in Mendum et al.
(2009). The Lochalsh syncline involves a thick
sequence of Torridonian sedimentary rocks together
with their underlying Lewisian basement and
overlying Cambrian succession. Imbricate thrust
structures in the adjacent Achnashellach area,
which incorporate thick Torridonian strata, also
involve buckle folding (Peach et al. 1907; Butler
et al. 2007; Fig. 4e). In general the Torridonian
rocks do not have regular bedding plane surfaces
and thus, mechanically may be behaving as a
large, isotropic mass that does not favour the
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localization of thrust flats. Their thickness may also
promote buckling folding nucleating on the inter-
face between the Torridonian and the surrounding
units (Cambrian above, Lewisian below). How-
ever, this suggestion is highly speculative and
requires much more study.

Thrust sequences – or synchronous slip?

The sequence of structural development, especially
the relative timing of motions on the Moine Thrust,
occupied Peach et al. (1907, see Butler 2010). The
different relationships between major thrusts and
imbricates in their footwalls were mapped out by
Coward (1988). The overstep relationships (footwall
imbricates truncate upwards against overlying thrust
surface) were used to propose segments of late,
largely extensional faults that had cut down through

the thrust system. In their elaboration of the piggy-
back model, Elliott & Johnson (1980) generally did
not show details of the geometry of imbricate
thrusts and the stratigraphy inside individual horses
within duplexes. Their more simplified approach is
exemplified by the sparse detail shown in the foot-
wall to the Glencoul Thrust (Fig. 5d). Subsequently,
detailed re-examination of these structures, linked to
the original mapping by C. T. Clough in the 1880s
(Fig. 8a) indicated that the duplex model is not
directly applicable (Butler 2004). Figure 8b shows
that, although the Glencoul Thrust is folded by
underlying imbricates, these imbricates are also
truncated. Much of the folding of the thrust relates
to deeper-level imbrication of the Pipe Rock.
However, Butler (2004) argued that it both is folded
by and truncates the imbricated An t-Sron units in its
footwall. This apparently inconsistent behaviour can

Fig. 7. Styles of distributed deformation in the Moine Thrust Belt. (a) Barber’s (1965) schematic representation of how
major folds and thrusts in the southern part of the thrust belt are developed. (b) Barber’s (in Mendum et al. 2009)
cross-section through the Lochalsh syncline (located on Fig. 2).
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be explained if movement on the imbricate thrusts
and slip across the entire roof were broadly synchro-
nous rather than formed strictly in piggy-back
sequence. Similar geometries were recognized
south of Eriboll, re-evaluating some of the earlier

interpretations of Butler (1982b) and elsewhere in
the thrust belt (Butler et al. 2007).

As reviewed by Butler (2004 and references
therein), the notion of synchronous thrust activity
is compatible with several lines of inquiry.

Fig. 8. Thrust geometries at Glencoul – revisited. (a) shows part of the detailed compilation map of Peach and
others (so-called ‘clean copy’, reproduced courtesy of the British Geological Survey: see Fig. 2). This mapping, chiefly
by C. T. Clough, shows truncation of imbricates and folding of the Glencoul Thrust. These elements are incorporated
in Butler’s (2004) cross-section (e-e’ on Fig. 2) and shown in (b).
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Syntectonic strata in emergent thrust systems
commonly show that anticlines in foreland fold
and thrust belts amplify together, rather than form
in a discrete sequence. Theoretical models of thrust
wedges indicate that, if the basal detachment is
stable, the critical taper must be maintained by
imbricate thrusts continuing to slip behind the
active thrust front. These predictions are supported
by analogue experiments. The model for synchro-
nous thrusting raises new issues for thrust belt
interpretations, especially if arrays of imbricate
thrusts move together under a stiff roof thrust
sheet. Butler (2004) argues that weak units can be
smeared out and different movement patterns
within an imbricate stack could generate local
patches of apparently late motion along the roof
thrust. This prediction may explain the complex kin-
ematic and strain histories for some of the mylonites
at high structural levels in the thrust belt, as outlined
below and elsewhere (e.g. Thigpen et al. 2010).

Nature of the Moine Thrust

Despite the long history of research, especially of
geological mapping, in the Moine Thrust Belt, it
may be a surprise that the position and nature of
the Moine Thrust itself is still a matter of debate.
As Boyer & Elliott (1982) point out, there is a
long tradition in tectonic research of simply recog-
nising, naming and correlating thrusts on the basis
of the rocks they carry. By this definition the
Moine Thrust lies at the base of the Moine Nappe
(Thrust Sheet). As the nappe has been mapped
across the NW Highlands then its structurally
lowest contact, or western outcrop margin, is desig-
nated as the Moine Thrust. The notion that the thrust
should be a continuous mappable feature is consist-
ent with Peach et al.’s (1907) interpretation that it
was the last to develop. Soper & Wilkinson (1975)
designated the Moine Thrust as a late, brittle fault
that cut through strongly mylonitic rocks. Elliott &
Johnson (1980) continued with the notion that the
Moine Thrust was essentially unrelated to the adja-
cent mylonites, an interpretation that allowed them
to designate certain fold systems in Assynt (the
so-called Sgonnan Mor structures) to an earlier
deformation, not directly related to the thrust belt.
By being a roof thrust in a strict piggy-back thrust
sequence, the Moine Thrust for Elliott & Johnson
(1980) could also exist as a single continuously
mappable feature across the NW Highlands. The
new geological mapping in the 1980s challenged
this. In the south Eriboll district, Butler (1982b)
demonstrated that the mylonites related to thrust
structures and indeed there was a gradation in the
development in the increasing importance of cata-
clasis and the waning ductility down across the
thrust belt there. Further, the ductile shear zone
that carried strongly sheared Moine rocks and

Lewisian-derived mylonites was folded and cut by
underlying thrust structures. Similar relationships
were deduced in the northern Assynt district
(Fig. 2; Butler 1984). Now most researchers desig-
nate the Moine Thrust (sensu stricto) as the original
structure that carried Moine rocks and their Lewi-
sian basement across the Cambrian sedimentary
rocks and their basement. In practice, using this defi-
nition is problematic because, when strongly
deformed, it is difficult to discriminate whether a
particular tract of Lewisian basement originally
was overlain by Moine metasediments or by either
Cambrian or Torridonian strata. Further, the reim-
brication by underlying structures means that the
Moine Thrust (sensu stricto) is not now a continuous
mappable feature and the outcrop limit to the Moine
Nappe is a composite structure. For example, where
Coward (1983) reaffirmed Peach et al.’s (1907)
interpretation that the base of the Moine Nappe
overstepped and truncated underlying imbricates
at Knockan (south Assynt, Fig. 2), this structure is
not the Moine Thrust (sensu stricto) but rather a
late, low-angle fault.

The significance of localized faults that cut the
early Moine Thrust is currently controversial. A
series of papers focused on the Eriboll area
(Fig. 2; Holdsworth et al. 2001, 2006) propose that
the mylonites of the upper part of the thrust belt
are carried on a late brittle structure termed the
Lochan Riabhach Thrust. This interpretation harks
back to that of Soper & Wilkinson (1975). The
Lochan Raibhach Thrust has been shown as a con-
tinuous fault throughout the northern part of the
thrust belt by a series of geological maps (British
Geological Survey 2002, 2007). This notion has
been challenged by Butler (2004; Butler et al.
2006) on various grounds. Butler (1982b) suggested
that cataclastic zones represented local high strain
rate phenomena that could not be traced for more
than few hundred metres. These could form during
the main emplacement of the Moine Thrust Sheet
or later, due to patchy activation of underlying
imbricate thrusts (in the synchronous thrusting
model of Butler 2004). The fundamental issue is
how the zones of cataclastic deformation map out,
as patches or a regionally continuous fault. How-
ever, definitive explanations are hampered by lack
of exposure in many places.

Lithosphere geophysics and the Moine

Thrust Belt

The application of ‘thin-skinned’ models by Elliott
& Johnson (1980) was not the only motivation for
a re-examination of thrust system evolution in NW
Scotland in the 1980s. Further impetus came from
the acquisition of deep seismic data in North
America, through COCORP (Consortium for
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Continental Reflection Profiling: e.g. Cook et al.
1979) and the resultant debate on the deep geometry
of thrust systems. For NW Scotland, linking the
surface geology to crustal structure started with
the wide-angle seismic experiment, LISPB (Litho-
sphere Seismic Profile of Britain: Bamford et al.
1978). Coward (1980) used this to suggest continu-
ity of the Lewisian crust of the NW foreland under-
lay the outer part of the Highlands. He also
suggested that the Moine and Outer Isles Thrusts
joined a common detachment (floor thrust) in the
middle crust beneath the Highlands. However, the
major contribution at the time was made by Jack
Soper & Tony Barber. They used the Moho geome-
try under northern Scotland deduced from the
LISPB experiment but presented a balanced
crustal cross-section (Soper & Barber 1982), one
of the first ever created (Fig. 9a). In their model

the Moine Thrust continued to the lower crust,
dipping down from its surface trace at the moderate
dip of 308. They also showed that the Moine Thrust
Sheet contained internal large-scale imbricate
thrusts that gave the crust an inclined internal
fabric. The Moine outcrop therefore represented a
transect across a crustal duplex that detached on or
just above the Moho. Soper & Barber’s prediction
of inclined tectonic fabric appeared to receive con-
firmation in the first deep seismic reflection profile
acquired by BIRPS (British Institutions Reflection
Profiling Syndicate: Brewer & Smythe 1984). The
MOIST (Moine and Outer Isles Seismic Traverse)
profile imaged gently inclined reflectors throughout
much of the crust in the offshore adjacent to the
Moine of northern Scotland.

Soper & Barber’s (1982) crustal duplex model
was challenged by the results of the new structural

Fig. 9. Models for the deep structure of the Moine Thrust and crustal thrust geometry in NW Scotland. (a) shows the
model of Soper & Barber (1982) with a relatively steep and deep-rooting Moine Thrust. (b) shows the alternative
‘thin-skinned’ model of Butler & Coward (1984).
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investigations in the Moine Thrust Belt. Butler &
Coward (1984) showed that the imbricated Cam-
brian strata restored to an outcrop width in excess
of 50 km. The key section through the Foinaven-
Conamheall sector at the southern end of Loch
Eriboll (Fig. 2) is partly shown in Figure 4a. This
restored section length was later confirmed on
other sections by Coward (1985) for the south
Assynt district (Fig. 2). Prior to this Ramsay
(1969) had estimated displacements in excess of
45 km on the Kinlochewe thrust sheet (in the Torri-
don area, Fig. 2), a figure that is incompatible with
Soper & Barber’s model. The restoration of Cam-
brian strata implies that an equivalent width of
Lewisian basement (upon which the Cambrian
rocks were deposited) remains in the footwall to
the Moine Thrust. If the Moine Thrust Sheet was
emplaced before or during the imbrication of the
Cambrian strata, the Moine Thrust cannot cut into
the deeper crust until at least 50 km east of its
current outcrop trace. Thus the Moine Thrust must
remain in the upper crust beneath much of the NW
Highlands (Fig. 9b). This interpretation makes an
additional prediction: the ductile structures within
the Moine Thrust Sheet (hangingwall to the Moine
Thrust) must detach at modern shallow crustal
levels. They cannot form a ‘crustal duplex’ as pro-
posed by Soper & Barber (1982). The implications
for Moine tectonics are discussed below.

Butler & Coward’s (1984) deductions preclude
the inclined reflectors imaged on the MOIST
profile from being structures within the Moine –
provided two key conditions are met. The first of
these is that the offshore structures pass simply
onshore. Coward (1988) proposed that the north
coast of Scotland lay over a major lateral structure
in the Caledonian orogen that separated whole-
crustal imbrication (offshore) from a detachment-
dominated regime (onshore). If this model is
correct, simple correlations of reflective crust on
the MOIST profile with specific ductile thrust
zones within the Moine onshore is unwarranted
(cf. Snyder 1990). The second requirement for
Butler & Coward’s (1984) approach, which also
underpins Soper & Barber’s (1982) model, is that
the Moho is a passive marker that tracks Caledonian
and subsequent deformation. However, crustal bal-
ancing in modern orogens (e.g. Butler 1986a)
suggests that this assumption may be inappropriate.
If the lower crust is of basic composition and buried
sufficiently to reach eclogite facies it can acquire the
density and seismic velocity equivalent to upper
mantle rocks. In these cases the seismic Moho
may simply track the top of the basic eclogites and
not the base of the continental crust.

The deep crustal structure of northern Scotland
and its continuation offshore remains far from
resolved. One approach would be to acquire

seismic data from offshore to onland in a north–
south direction, to confront the issue of lateral
variations. Passive seismic methods may also play
an increasing role onshore in resolving large-scale
variations in deformation fabrics through seismic
anisotropy modelling.

Thrust tectonics and the Moine

One of the motivations of Archibald Geikie, in his
role as Director General of the Geological Survey,
for assigning so many of his staff geologists to the
NW Highlands in the late 19th century was the
notion that this area would provide the key to
unlocking the geological structure of the rest of
the Highlands. However, the insights gained by
Peach et al. (1907) did little to aid the mapping in
the early 20th century in the adjacent Moine or Dal-
radian units. As researchers moved into these units it
became clear that simple thrusting models could not
explain the distribution of stratigraphic units. Bailey
(1910) recognized large-scale stratigraphic inver-
sions with polyphase refolding histories that had
closer analogies with the nappe structures then
recently deciphered in the Alps than with the
strongly localized styles of deformation deduced
for the Moine Thrust Belt. The complexity of defor-
mation seen at the outcrop scale meant that debates
about the structural geology thereafter centred on
the tectonic significance of various structural
elements, especially lineations (e.g. Wilson 1953).
The methods of structural analysis propounded by
Sander (1934) lay at the heart of these studies,
which considered that fold hinges strictly lay per-
pendicular to the tectonic shortening axis. Thus
regions where fold hinge lines had variable orien-
tations or folding was superposed, were the result
of complex tectonic shortening patterns. For this
paradigm, if structures did not share a common tec-
tonic axis they could not be coeval (McIntyre 1954).
For the NW Highlands, it was only in the 1970s that
this approach was finally discredited, essentially
through the work of Jack Soper and colleagues.
Soper & Wilkinson (1975) applied the newly-
developed studies of shear zones, especially the
development and modification of folds in these set-
tings (e.g. Escher & Watterson 1974). The approach
was taken much further by Bob Holdsworth and
others in the Moine where they mapped out arrays
of folds on all scales, with apparently transport-
parallel hinge lines (e.g. Holdsworth et al. 2001;
Alsop & Holdsworth 2007; see also review by
Law & Johnson 2010). However, the general
notion of regional structural correlation, based on
deformation sequences (D-numbers) remains (e.g.
Mendum et al. 2009), notwithstanding earlier
demonstrations that, within the Moine mylonites,
folds only have local significance and there is no
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spatial-temporal significance in relative chronolo-
gies (Butler 1982b).

A major controversy through the middle part of
the 20th century in the NW Highlands related to
basement-cover relationships in the Moine.
Kennedy (1954, see discussion therein) interpreted
basement-cover relationships in the Skye-Knoydart
part of the SW Moine in terms of imbricate thrusting
(Fig. 10a) – an interpretation that was not at all
well-received at the time. Much of the dispute
related to the interpretation of tracts of Lewisianoid
basement in the Moine outcrop. This debate was
resolved in part by Ramsay (1957) who mapped
out the deformed Moine-Lewisian unconformity in
the Glenelg district of the SW Moine. John Sutton
and Janet Watson, two of the main opponents of
Kennedy’s basement thrusting hypothesis, re-
interpreted their earlier mapping in the central
Moine in terms of basement-cover imbrication
(Sutton & Watson 1962). They illustrated this in a
schematic profile through the Fannichs of the
central Moine outcrop (Fig. 10b), drawing com-
parison with the intercutaneous imbricate systems
then described by Goguel (1952) in the Alps. This
harks back to the work in the Moine Thrust, 80
years earlier, where comparisons with Alpine
examples gave geologists the freedom to challenge
local structural dogma.

Impetus for thrust tectonic models was provided
by Geoff Tanner’s (1971) work in the SW Moine
and his recognition of a major shear zone that con-
tained thin pips of strongly deformed Lewisianoid
rocks. His Sgurr Beag Slide (latterly termed the
Sgurr Beag Thrust) separated distinct tectonostati-
graphic units of Moine rocks. The region was then
mapped out, notably by Derek Powell (1974), an
activity facilitated by a distinctive stratigraphy
within this part of the Moine (Morar Division,
Fig. 3). Disruption of the expected rock sequence
allowed Powell to map out a series of ductile
thrusts in the footwall to the Sgurr Beag Thrust
that he traced around a train of later, upright folds
(Fig. 10c). Other ductile thrusts were recognized in
the Moine (e.g. Rathbone & Harris 1979), although
it remained for Soper & Barber (1982) to propose a
‘crustal duplex’ model for imbrication within the
Moine Nappe, with reference to the north coast
transect.

The recognition that the Moine Thrust Sheet did
not involve the whole crust of the NW Highlands
(Butler & Coward 1984) led Butler to collaborate
with Bob Holdsworth and Dave Barr to re-examine
thrust models for the Moine. The initial concept was
to take the analytical approaches of Elliott &
Johnson (1980) and apply these to the Moine, with
the simplification that broad zones of ductile shear-
ing were shown as discrete thrust zones. However,
disagreements within the team led to different

interpretational strategies for the system. In similar
fashion to Elliott & Johnson’s (1980) analysis of
the Moine Thrust Belt, Butler (1986b) re-interpreted
Powell’s (1974) mapping in the SW Moine to
develop a duplex model, with the Sgurr Beag
Thrust acting as a regional roof structure. In the
Sutherland Moine Soper & Barber’s (1982) cross-
section was modified so that the thrust systems in
the Moine detached in the upper to middle crust
(Fig. 9b) rather than along a floor thrust near the
Moho. As a consequence, the thickness of Lewisian
rocks incorporated within the ductile deformation of
the Moine defined a trajectory for a floor thrust
beneath the region (Fig. 11a). Soper & Barber’s
(1982) Naver Thrust was interpreted as the roof to
this system.

Holdsworth et al. (1986) argued against the sim-
plification of deformation as characterized by dis-
placement on distinctive thrusts, especially on the
Sutherland transect. They stressed the importance
of folding and distributed shearing. This approach
was expanded by Barr et al. (1986) who character-
ized deformation, especially basement-cover rela-
tionships, as controlled by tight, generally NW-
facing folds. For Barr et al. (Fig. 11b), the folds
formed in broad shear zones within which the
notion of branching discrete zones of localized dis-
placement (the thrust model) had little relevance.
There are common features between the various
models however, notably the presence of an upper
thrust sheet (the composite Sgurr Beag – Naver
sheet) that effectively acted as a roof to the
underlying deformation.

The notion that the Moine, especially on the
Sutherland transect, decoupled along the Moine
Thrust (e.g. Fig. 11a), raises issues for crustal
scale thrust geometry. Figure 12 is an example of
crustal-scale restoration, as proposed by Soper &
Barber (1982) but modified to allow for the displa-
cements implied by later cross-sections. There is
insufficient space beneath the NW Highlands
(Fig. 9b) to account for the crust upon which the
Moine originally lay. Butler’s (1986b) models pre-
dicted substantial panels of Lewisianoid basement
remaining at depth beneath more interior portions
of the Caledonide orogen (Fig. 12).

Subsequent work, especially on the north coast,
has developed the thrust model further. Holdsworth
et al. (2001) explicitly mapped out basement-cover
imbricate structures, albeit on a finer scale than
envisaged by Butler (1986b). Greater numbers of
thrusts and thinner sheets of Lewisian in these
more modern maps would increase the restored
width of these structures, beyond the restoration
shown in Figure 12. Field research has continued
to focus on details of deformation within the broad
shear zones (e.g. Grant & Harris 2000; Alsop &
Holdsworth 2007), reviewed elsewhere in this
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volume. There have not however been any further
attempts to provide an integrated model of thrust
geometry through the NW Highlands, indeed the
various sub-regions continue to be considered
separately (Mendum et al. 2009).

In emergent thrust belts, significant understand-
ing of thrust activity, timing and rates can be
gleaned from integrating stratigraphic data from
syn-orogenic sediments. The equivalent approach
in ductile thrust stacks is to use radiometric dates

Fig. 10. Thrusting models for the Moine of NW Scotland. (a) shows Kennedy’s (1954) schematic representation
of basement-cover relationships and major thrusts for the Skye-Knoydart area (see Fig 2); (b) shows Sutton &
Watson’s (1962) schematic representation of basement-cover imbrication in the Fannichs area of the central Moine
(see Fig. 2); (c) shows Powell’s (1974) schematic section through the Knoydart district.
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Fig. 11. Different approaches to understanding Moine tectonics with reference to the Sutherland transect (see Fig. 2).
(a) Illustrates Butler’s (1986b) interpretation whereby deformation is strongly localized onto relatively narrow
ductile shears that link between the Moine Thrust (acting as a floor to a duplex) and the Naver Thrust (acting as a roof).
The restored section shows the implications for the thickness of Lewisian involved in the thrust structures on the
transect. (b) Shows Barr et al.’s (1986) portrayal of basement-cover folding within a broad zone of shear between the
Naver and Moine Thrusts. In this model localized shears have only subordinate importance and no relationships to
the bounding thrusts are shown.
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Fig. 12. Restored crustal template for the thrust belt in Sutherland (modified after Butler 1986b). Various implications for the regional tectonics of the Scottish Caledonides are
annotated. The trajectory for the main bounding thrusts derives from Figure 11a.
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from mylonites to track deformation (e.g. Freeman
et al. 1998b). The notion that metamorphic con-
ditions evolved during thrusting was used by
Soper & Barber (1982) to calibrate crustal thick-
nesses and the possible position of the syn-orogenic
surface for their crustal imbrication model for the
NW Highlands. Barr et al. (1986) used further PT
estimates to refine the unroofing history and
support the general notion of foreland thrust propa-
gation and the westward migration of deformation
with time. PT data alone provide only circumstantial
evidence of sequences on a regional scale for they
require assumptions for the geometry of the oro-
genic wedge. Johnson & Strachan (2006) integrated
available geochronology to show a general diachro-
neity of deformation across a transect through the
Sutherland Moine. They note the problems in exist-
ing datasets, especially in resolving crystallization
ages, which denote deformation, from cooling
ages allied to the additional problem of radiogenic
argon inheritance that plagues many basement ter-
ranes. Further understanding of Moine tectonics,
especially the application of isotope geochronology
to date specific structures or deformation episodes,
requires careful consideration of thrust linkages.
Without this necessary interpretational step, long
range correlation of sparse data through the High-
lands remains fraught with uncertainty.

The problem of developing absolute chronolo-
gies of deformation in ductile thrust belts such
as the Moine can be addressed hypothetically
(Fig. 13). The classical approach is to assume that
deformation sequences at outcrop scale can be cor-
related through the region. But this is not compatible
with thrust tectonic models where only a small

volume of the continental crust deforms at a given
period. In thrust systems this might be manifest by
a foreland-propagating piggy-back sequence of
fault activity. Modern thrust belts, like the Hima-
layas or Apennines of Italy, are active for tens of
millions of years. The notion that these regions
experience a sequence of deformation, for example
all the folding followed by all the thrusting, is
clearly nonsense. Both styles of deformation (dis-
tributed folding and strongly localized thrusting)
are active at the same time, but in different places.
Strict application of these concepts to deeper crustal
levels simply alters the active width of thrusts, from
being narrow surfaces to being broader ductile shear
zones. At a given time in the evolution of the
orogen, the rocks surrounding an active thrust may
experience other deformation. For piggy-back
sequences, the footwall may remain undeformed
(D0) or have layer-parallel shortening (D1). The
active thrust surface will modify the rocks that
were once in the footwall to an active thrust, so
these rocks will acquire high ductile shear strains
(say, D2). In the hangingwall to this active shear
zone, rocks may be folded, due to differential move-
ment or perhaps larger-scale ramp folds. Earlier
thrusts can be deformed by these later structures
(D3). Clearly no one deformation (D1, D2, D3)
occurred synchronously through the region. There-
fore any structural correlation provides an entirely
misleading temporal framework. Lessons can be
borrowed from emergent thrust systems developed
at the Earth’s surface. The first part of a regional
analysis of ductile thrust systems should be to
establish thrust linkages and, where possible, their
relative evolution. Only then should deformation

Fig. 13. The implications of thrusting models for the relative timing of minor structures and deformation fabrics in
ductile settings. See text for discussion.
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fabrics be integrated into a structural kinematic
model. Finally, thus model can be calibrated with
absolute ages of the local deformation fabrics.

Discussion

Given the long history of structural research in the
NW Highlands of Scotland it is tempting to think
that all the major issues for their tectonics are now
resolved. Much recent work in the Moine Thrust
Belt is directed at geoconservation and other
societal activities, including those associated with
the NW Highlands Geopark. However, there
remain significant uncertainties in understanding.
The significance of the Moine Thrust Belt for Cale-
donian tectonics still requires evaluation of the
amounts of displacement on the thrust systems,
their timing and, consequently, the original relation-
ships between distinctive tracts of continental crust
now in the NW Highlands. These are common
generic problems in continental tectonics for they
impact on the rates of deformation and understand-
ing of how deformation localizes in the continental
crust. However, Caledonian structures in NW
Scotland are not well-suited to these questions.
Synorogenic sediments are not preserved so there
is no direct evidence for rates or timing of defor-
mation available from stratigraphy or linkage to
the synorogenic surface. Although some thermal
data are available that might be used to calibrate
syntectonic burial conditions, such estimates are
vague and their inherent assumptions hard to quan-
tify, certainly in comparison with many younger
orogenic systems. Testing models for the timing of
deformation in the ductile thrust systems of the
Moine requires substantial investment in radio-
metric dating, notwithstanding the problems of
gaining reproducible datasets in such rocks (e.g.
Freeman et al. 1998a). If regional tectonic under-
standing remains a research goal, attention should
be focused on developing more coherent under-
standing of the magnitudes of displacements and
their lateral continuity/connectivity in the Moine.

There are outstanding issues that are more tract-
able yet awaiting resolution. Arguably the most
critical is understanding how thin sheets of weakly
deformed basement are incorporated into the
Moine Thrust Belt and within the ductile thrust
systems of the Moine. Some of these issues are
addressed by Butler et al. (2006) but many of the
ideas remain to be tested. For the thrust belt,
reaction-enhanced ductility, with the formation of
weak phyllosilicate-rich fault rocks from felds-
pathic gneisses (Wibberley 2005), can explain
how thrust zones can accumulate substantial displa-
cements without significantly deforming the sur-
rounding rocks. But this mechanism does not
explain how the thrust surfaces localize initially

and acquire their geometry. Interesting contrasts
could be made between the strongly localized
thrust structures such as at Glencoul (Fig. 5) with
the broad zones of deformation such as at Kishorn
(Fig. 7a).

Thrust localization within basement gneisses is
not the only issue awaiting resolution. Although
the geometry of thrust spacing, the stratal content
of duplex structures and thickness of imbricate
slices is well described, the question of why there
are such pronounced variations in these behaviours
along the Moine Thrust Belt has barely been
addressed. Why is the northern part of the thrust
belt characterized by multiple detachment horizons
with imbrication from bed to formation scale
(Fig. 4a, b, c) while in the Torridon area these
horizons within the Cambrian quartzites are barely
used as thrust detachments? Linking geometric
investigations to fault rock studies and micro-
mechanical modelling is needed here.

Perhaps the value of Caledonian thrust systems
in the NW Highlands lies less in their importance
for regional tectonics but more in the insights they
give to structural geometry. Just as the geometric
understanding arising from the work of Peach
et al. (1907) informed generations of structural geol-
ogists through providing analogues and training
opportunities for other thrust belts, so the research
in the late 20th century informed studies in other
parts of the world. Following Soper & Barber’s
(1982) crustal balanced section, similar approaches
have been used in the Himalayas and Alps (e.g.
Mattauer 1986; Butler 1986a). Coward applied his
insights from the Moine Thrust Belt to re-evaluate
crustal tectonics in more ancient orogens (Coward
1984b). The duplex models of Elliott & Johnson
(1980) have been promoted and applied globally
(Boyer & Elliott 1982) as have the derivatives that
permit more complex patterns of slip in thrust
arrays (Butler 1987). Notwithstanding meteorologi-
cal conditions, the NW Highlands remain a para-
mount training ground for geoscientists interested
in thrust system geometry, guided by the maps and
writings of Peach, Horne and others.

The author is indebted to the late M. Coward who intro-
duced him to the delights of structural geology in the
NW Highlands and inspired a career researching thrust
belts. Discussions on thrust localization and strain bene-
fited greatly from discussions with the late M. Casey.
Both are sorely missed. Thanks go to the structural group
in Leeds of the 1980s not only for vigorous discussions,
just a few of which are recorded in the literature, but also
for the easy companionship in and out of the
field. R. Holdsworth commented, M. Cooper and
M. Johnson provided robust reviews, and editor R. Law
proposed clarifications on drafts of this paper. All are
thanked but of course the author takes full responsibility
for the views presented here.
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Abstract: Descriptions of structural evolution across thrust belts commonly assume a transition
from ductile to brittle deformation, reflecting a progressive reduction in temperature accompanying
exhumation. The universality of this model is challenged here using field relationships at Ben
Arnaboll, in the northern part of the Moine Thrust Belt. Deformation in the Arnaboll Thrust
Sheet, an allochthonous basement body of amphibolite-facies gneisses and pegmatite sheets,
carried onto Cambrian sediments, includes widely distributed, low-displacement shears developed
under greenschist facies with ingress of water. These ductile deformations post-date the emplace-
ment of the thrust sheet as they link kinematically to breaching thrust structures emanating from
the footwall of the Arnaboll Thrust. The thrust itself records a transition from mylonitic
(ductile) to strongly localized (brittle) deformation that pre-dates the breaching thrusts and there-
fore the deformation within the thrust sheet itself. The structure of breaching thrusts charts an up-
dip transition from localized slip to distributed shearing analogous to the trishear in fold-thrust
complexes, Therefore deformation of the Arnaboll Thrust Sheet shows a return from strongly loca-
lized translation-dominated brittle deformation to more broadly distributed ductile deformation.
This is likely to have been promoted by the ingress of water and the concomitant reaction-enhanced
weakening of the basement.

The Moine Thrust Belt of NW Scotland (Fig. 1), in
common with the outer parts of many other moun-
tain belts, shows a trend from ductile, polyphase
deformation in the orogenic interior to brittle thrust-
ing at the margin (e.g. Rathbone et al. 1983). This
pattern, together with the generally accepted concept
that deformation migrated from the interior to the
margin with time (e.g. Elliott & Johnson 1980),
has spawned a general model for strain localization
that governs much of the present understanding
of mountain belts (e.g. Dietrich & Casey 1989).
In many sites it is not possible to demonstrate
directly how rock deformation relates to the stack-
ing patterns of thrusts. However, in parts of the
Moine Thrust Belt it is possible because the struc-
tures are closely spaced and there is a dramatic con-
trast in deformation styles over short distances.
Here, descriptions of the structural geology of the
Arnaboll Thrust Sheet in its type area are used to
inform discussions of structural evolution and to
provide context for microstructural studies. Our
results challenge a basic assumption that thrust
belts necessarily evolve from broadly distributed
ductile deformation into increasingly localized
structures.

The Arnaboll Thrust (Fig. 2) is one of the most
studied parts of the Moine Thrust Belt. Its setting

is described by Butler (2009). The stratigraphy of
units involved in this part of the thrust belt is
shown on Figure 1c. In the account that follows,
grid references are cited for locations using the
UK National Grid (either six or eight digits, by
the notation NC). It was at Arnaboll that Lapworth
(1883, 1885) established not only the importance
of horizontal displacements in building the geolo-
gical structure of the NW Highlands, but also
developed understanding of fault rock evolution.
Thus the Arnaboll Thrust is the type locality for
mylonites (Lapworth 1885; White et al. 1982;
White 1998, 2010). It is also where Geikie (1884)
coined the term ‘thrust’ and was the focus of the
early mapping by the Geological Survey (Peach &
Horne 1884; Peach et al. 1888). Part of their detailed
compilation map is reproduced here (Fig. 3) and
serves to illustrate their findings. These pione-
ering researches established that amphibolite-
facies gneisses formed an allochthonous sheet
(Arnaboll Thrust Sheet) of Lewisian basement.
The key components of metabasic sheets, host
gneisses and quartzo-feldspathic pegmatite, bear
striking similarities to the basement gneisses of
the foreland to the west. For much of its outcrop
the allochthonous basement lies on unmetamor-
phosed Cambrian sediments. However, beyond
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this simple description, the structure of the Arnaboll
Thrust Sheet is complex. Peach et al. (1888) recog-
nized that the Arnaboll Thrust had been folded
around structures (Fig. 3) that define elongate half-
windows in the Arnaboll Thrust Sheet. The largest
of these, in the NE portion of their map (Fig. 3)
includes a fault along the western margin of the
fold, which offsets the Arnaboll Thrust. Faults
with smaller map offsets also cut the trace of the
Arnaboll Thrust. These elements recur, with modifi-
cations, in subsequent interpretations.

In the Eriboll area (Fig. 1), as with much of the
Moine Thrust Belt, there was little re-examination
of structural geometry after Peach et al. (1907)
until the 1970s. Soper & Wilkinson (1975),
studied folds and deformation fabrics in the upper
part of the thrust belt between Eriboll Chapel and
An Lean Charn (Fig. 1). Their conclusions followed
Peach et al. (1907) in that the main thrusts in the
Eriboll district were interpreted with the structurally
lowest (Sole Thrust) being the oldest and the
structurally highest (the Moine Thrust) being

Fig. 1. (a) Location map for Ben Arnaboll (boxed area) and other sites within the Moine Thrust Belt at Loch Eriboll.
AT, Arnaboll Thrust. (b) Location of (a); (c) simplified stratigraphic column (after Butler 2009).
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Fig. 2. Photographs of the Arnaboll Thrust at its type locality, located on Figure 5. (a) The classic outcrop at the NW
edge of the study area, also Lapworth’s (1885) type locality for mylonites (see White 2010). Note that the hanging wall
Lewisian gneisses only acquire intense mylonitic fabrics close to the thrust surface. The bulk of the displacement is
accommodated by a discrete thrust surface (arrowed). Bedding in the Pipe Rock beneath the thrust surface defines a
footwall thrust flat and include sheared Skolithos burrows. This view is looking south, perpendicular to the thrusting
direction. (b) The western slope of Ben Arnaboll and the Arnaboll Thrust above imbricated Pipe Rock, with Fucoid Beds
beneath. Here the Arnaboll Thrust is breached by an imbricate thrust emanating from the footwall. This view is looking
SE, near-parallel to the thrusting direction. The visible hillside is about 70 m high.
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the youngest. In their subsequent review of the
Heilam-Arnaboll-Kempie sector (Fig. 1), McClay
& Coward (1981) followed the notion that the
major thrusts truncated and were essentially unre-
lated to the mylonites and truncated other thrusts.
McClay & Coward did however favour a foreland-
direct thrusting sequence to the arrays of imbricate
thrusts. In this regard, they followed the geometric
concepts of Elliott & Johnson (1980), who favoured
a foreland-directed thrust sequence elsewhere in
the thrust belt. McClay & Coward (1981) also
recognized that the Arnaboll Thrust was folded –
a consistent feature of the various subsequent

interpretations of the structural geometry at Ben
Arnaboll (Rathbone et al. 1983; Coward 1984;
Butler 1988). This extant model is shown in profile
on Figure 4. This also shows that the Arnaboll
Thrust was cut by small-scale imbricate thrusts, a
geometry termed ‘breaching’ (Butler 1987). These
relationships were described for Arnaboll by
Coward (1984) and Rathbone et al. (1983). There-
after studies were concerned with the internal defor-
mation state for the Arnaboll Thrust Sheet. Ramsay
(1997) argued for the Lewisian basement having
experienced significant penetrative strain associated
with deformation of the Arnaboll Thrust Sheet. This

Fig. 3. Part of the compilation ‘clean copy’ map series of the Geological Survey for the Ben Arnaboll area (Beinn Poll
Ath-roinn) These maps generally show the interpretations collated by John Horne, shown at a scale of 1:10 560, that
were simplified onto the published maps of the time. Compare this map with that by the authors (Fig. 5). Image courtesy
of BGS.
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view is contested by Butler et al. (2006) who note
that the structures within the thrust sheet are at
high metamorphic grade (amphibolites facies) and
therefore not likely to have developed during the
thrusting episode (greenschist facies). These issues
are addressed by us in more detail below.

Although there has been substantial micro-
structural research directed at the monomineralic
Cambrian quartzites and their syn-kinematic recrys-
tallization into mylonites (e.g. Law et al. 1984;
working in the Eriboll Chapel transect, Fig. 1), the
Lewisian-derived mylonites have been little-
studied, despite inspiring the original work by
Lapworth (1885). White et al. (1982) reviewed
Lewisian-derived fault rocks in the Moine Thrust
Belt and provided modern descriptions of Lap-
worth’s type localities on Ben Arnaboll (White
1998). He documents the importance of syn-
kinematic metamorphic breakdown of feldspars
which otherwise provide a strong supporting frame-
work, to weak aggregates of aligned sericite and
chlorite.

The relationship between rock deformation and
the large-scale geometric evolution of the thrust
belt is important and controversial. Soper &
Wilkinson (1975) argued that all mylonitization
entirely pre-dated thrust localization in the Moine
Thrust Belt. However, in the south Eriboll district
(Creag Shomhairle-Conamheall transect, Fig. 1)
this view was contested on geometric grounds by
Butler (1982) because the structurally-higher
thrust surfaces in the Moine Thrust Belt were
folded, along with the surrounding ductile defor-
mation fabrics by underlying thrust culminations.
The relationships between thrust stacks at various
scales determined by Butler (1982) established the
sequence of thrusting, as being piggy-back. This
sequence then provided a relative timescale for
fault rock evolution. The earliest thrusts are associ-
ated with mylonites while cataclasis is increasingly
dominant in the underlying, younger thrusts. More
recently, Holdsworth et al. (2006) argue that the
ductile-to-brittle evolution (‘fault rock asymmetry’)
can be used to recognize faults that form ‘out-of-
sequence’ within the thrust belt. They argue for a
through-going brittle fault – termed the Lochan
Raibhach Thrust [although Holdsworth et al.

(2006) consider it to be an extensional structure]
that lies within the upper part of the thrust belt at
Eriboll. Originally defined in the Whiten Head
area (Fig. 1), Holdsworth et al. (2006, 2007) and
BGS mapping (British Geological Survey 2002)
trace this as a continuous fault surface that separates
mylonitized rocks in the upper part of the thrust belt
from less-deformed rock below. However, the
notion that deformation simply evolved from dis-
tributed to localized in time has been challenged
for the Kempie area of Eriboll (Fig. 1a). Butler
et al. (2006) point out that mylonites and associated
distributed strain, manifest by km-scale folds,
deform pre-existing, localized thrust structures.
Given these controversies it is timely to evaluate
these issues at Arnaboll.

The above commentary forms the backdrop for a
re-examination of deformation in the Arnaboll
Thrust Sheet, focusing on the best-exposed part
in an approximately 1 km2 area of the NE end of
the thrust sheet (Figs 1 & 2). The evidence and
discussions here are necessarily outcrop-specific
and detailed. The hope is that this approach will
become used more widely to test the applicability
of structural models to specific cases. This study
has importance beyond the NW Highlands, notwith-
standing the historical importance of the site. The
development of fold-thrust complexes involving
basement is a general issue for many thrust belts.
Documenting sequences and patterns of localization
of deformation are important for calibrating theor-
etical analyses of continental tectonics. Here the
structural geology at Ben Arnaboll is contrasted
with existing models, not only for the area, but
also for fold-thrust structures in general.

The Arnaboll Thrust surface

In its type area on Ben Arnaboll, the Arnaboll
Thrust Sheet is composed of Proterozoic-reworked
Lewisian basement (Fig. 5). The thrust contact
with the footwall Cambrian Pipe Rock Member of
the Eriboll Formation is exposed on the NW and
NE side of Ben Arnaboll (Fig. 3), where it is parallel
to bedding in the Pipe Rock of the footwall. There-
fore these relationships are generally interpreted as a

Fig. 4. Simplified cross-section through the Arnaboll sector of the Moine Thrust Belt after Butler et al. (2006). In this
model the Arnaboll Thrust (AT) is folded and cut by structures that emanate from the footwall.
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Fig. 5. Map of the geological structure showing foliation form lines of the basement fabrics in the Arnaboll thrust sheet.
The locations of the photographs in Figure 2 are indicated (a, b). Note that the topographic contours are in feet
(simplified from the Ordnance Survey 1:10 560 base map).
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thrust footwall flat (Coward 1984). On the NE side
of Ben Arnaboll (Fig. 5, between NC 462 595 and
NC 463 594) the outcrop trace of the Arnaboll
Thrust is offset by at least three small breaching
thrusts. Each of these breaching thrusts has an
offset of 5–10 m, locally juxtaposing Pipe Rock
back on top of Lewisian basement. South of here,
Cambrian Pipe Rock appears to be juxtaposed
against basement (between grid reference NC 463
594 and NC 460 587) (Figs 1c & 2). Both Peach
et al. (1907) and Coward (1984) have interpreted
this as a continuation of the Arnaboll Thrust trace,
folded into a vertical attitude (Fig. 4), by a later anti-
form. It is interesting that the original mapping
(Fig. 3) showed a late fault along the western mar-
gin of the antiform but this interpretation was not
carried forward in subsequent publications. It is
the lack of outcrop continuity along this segment
of the contact that makes direct interpretation uncer-
tain. The Pipe Rock along this contact youngs to the
west and dips either steeply to the west or is over-
turned dipping steeply east. Further east from this
contact, the Pipe Rock bedding generally has
gentle to moderate (up to 458) dips to the NW and
SE, and a few WSW plunging minor fold axes are
present. Collectively the stratigraphic way-up and
bedding orientations are consistent with the struc-
tural model of the Arnaboll Thrust being folded
into a 1 km-scale north to south trending antiform-
synform pair (Peach et al. 1907; Coward 1984).
This geometry, as depicted by the Pipe Rock that
crops out in the core of the anticline, is not contro-
versial. The question arises as to the evidence
for an adjacent synform within the allochthonous
Lewisian. This is addressed below.

The nature of deformation along the Arnaboll
Thrust plane itself (Fig. 2) is described by Butler
(1988) and reviewed from a microstructural per-
spective by White (1998). Although the thrust is a
discrete break, there is a zone, between 1 and 5 m
wide of shearing in the hanging wall. Within this
zone, and especially within a few centimetres of
the thrust plane, the allochthonous Lewisian rocks
of the thrust sheet are extensively retrogressed to
chlorite, albite, sericite, epidote assemblages. These
collectively confirm the general metamorphic con-
ditions for the development of the Arnaboll Thrust
as being of broadly greenschist facies, in contrast
to the amphibolite facies assemblages preserved in
the allochthonous Lewisian away from the thrust
surface.

Deformation within the basement of the

Arnaboll Thrust Sheet

The Lewisian basement within the Arnaboll Thrust
Sheet has been mapped by the authors (Fig. 5) and

the result is broadly comparable with that of pre-
vious workers (McClay & Coward 1981; Rathbone
et al. 1983; Ramsay 1997). The thrust sheet is domi-
nated by intermediate to mafic gneiss, containing
concordant amphibolitic sheets with widths of 2–
5 m, generally interpreted as strongly sheared
Scourie dykes. These units are cross-cut by irregular
masses of quartzo-feldspathic pegmatites. Banding
in the gneisses generally trends NE–SW to ENE–
WSW throughout the Arnaboll Thrust Sheet
(Fig. 5), dipping moderately to the SE. Folding of
this foliation is not demonstrated on the mapping
scale (10–500 m), except above a footwall duplex
on the western side of Ben Arnaboll (NC 457 588;
Fig. 5) and a possible thrust-tip fold above a breach-
ing thrust (NC 458 592). Certainly no evidence
exists for folding of the Lewisian gneiss by a north
to south trending synform as implied by existing
cross-sections (Fig. 4). Indeed, the consistent trend
of Precambrian banding in the basement precludes
such an interpretation. Before proposing a geome-
tric solution to this conundrum it is pertinent to
discuss thrust-related deformation within the base-
ment of the Arnaboll Thrust Sheet.

Pegmatites within the Lewisian basement of the
Arnaboll Thrust Sheet are thought to be part of a
suite of sheets intruded at the end of the Laxfordian
event (Mesoproterozoic). Equivalent pegmatites
cropping out in the Lewisian basement of the unde-
formed Caledonian foreland west of the Moine
Thrust Belt show no deformation structures, just
like those described above. The retrograde myloni-
tic and schistose fabrics observed in the pegmatitic
material in the thrust sheet are considered there-
fore to be due to Caledonian deformation: the
variety of fabrics and fabric intensities exhibited
are useful in determining patterns of deformation.

The most striking feature of the pegmatitic
material on Ben Arnaboll is that it commonly dis-
plays a thinly-spaced schistosity which locally
intensifies into shear zones. The distribution of
this fabric was mapped throughout the study area
(Fig. 5). The deformation fabric typically dips mod-
erately to the ESE to SE, and some of the shear
zones have SE- to ESE-plunging mineral stretching
lineations. Locally, senses of shear may be observed
which consistently demonstrate top-to-WNW shear,
consistent with microstructural examination (Fig. 6).
Individual outcrops show a pervasive thinly-spaced
schistose foliation that anastomoses around lenses
of apparently undeformed pegmatite material on a
metre-scale (e.g. NC 4626 5948) as well as the
10–100 m scale. Post-dating this pervasive fabric
are locally developed 2–20 mm wide zones of
phyllosilicate-rich mylonite bands. These generally
dip moderately or steeply to the east, SE or south.
While locally these zones cross-cut the pervasive
fabrics, elsewhere they form narrow shear zones
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into which the earlier foliation is deflected and
becomes more intense. These examples are inter-
preted as representing the latter part of a progression
of strain localization (from the more pervasive
schistosity into the later, narrow shear zones).

In thin-section, the schistosity within the
deformed pegmatites displays protomylonitic micro-
structures with grain size reduction in dark (mica
and chlorite) bands and grain alignment within
domains of finely recrystallized quartz (Fig. 6a).
The alignment of the phyllosilicate bands define
the strong foliation which locally wraps around
fractured feldspar fragments that have behaved in
a relatively rigid manner. The quartz deformed by
dynamic recrystallization and ductile flow around
these rigid feldspar grains, yielding a grain shape
alignment fabric parallel to the foliation defined by
the phyllosilicates. In zones where the schistose
fabric of the pegmatite can be seen in the field to
grade into a mylonitic foliation, microstructural
examination shows more extensive dynamic recry-
stallization of the quartz to very fine grain sizes

(0.01–0.05 mm) with elongate shape parallel to
the orientation of the quartz domains (Fig. 6b).
The fractured nature of the feldspar in this mylonite
is illustrated in Figure 6b with cleavage plane
slip accommodating block rotation of fragments
in a classic ‘bookshelf’ mechanism of shearing
(Passchier & Trouw 1996). These asymmetries
imply a top-to-west sense of shear. Some tracts of
mylonite derived from the pegmatite contain no
visible feldspar but are correspondingly enriched
in phyllosilicate content. The ultramylonitic
foliation is defined by bands of chlorite and white
mica, surrounding lenses of finely recrystallized
quartz (Fig. 6c). Individual phyllosilicate grains
are aligned parallel to the overall compositional
banding. Quartz veins which cross-cut the folia-
tion are deflected to a lower angle in these
phyllosilicate-rich bands with a top-to-west sense
of shear. Discrete ultramylonite bands (2–20 mm
wide) commonly seen in the field to deflect the
initial pervasive schistose fabric are similarly com-
posed of a very fine grained mixture of white mica,

Fig. 6. Optical photomicrographs (taken under crossed-polars) of fault rocks from within the Arnaboll thrust sheet. The
protolith is Laxfordian pegmatite in each case, all samples coming from grid reference NC 4598 5891 close to the eastern
basement/Pipe Rock contact (Fig. 4). (a) Pegmatite schist, the schistosity being defined by aligned secondary white mica,
width of view 3 mm; (b) Deformed feldspar porphyroclast in mylonite. Slip along feldspar cleavages accommodated
‘bookshelf’ rotation, indicating top-to-west sense of shear, width of view 1 mm; (c) Ultramylonite containing wavy
domains of recrystallized quartz and secondary phyllosilicate. Note the lack of feldspar in the specimen, probably broken
down and altered to phyllosilicate. A quartz vein is offset by one of the phyllosilicate domains, width of view 3 mm;
(d) Optical photomicrograph (taken under cross-polars) showing a c–c0 microstructure defined by a phyllosilicate-rich
ultramylonite band 2 cm wide, deflecting a general mylonitic foliation defined by anastomosing domains of secondary
white mica (arrowed) within fine-grained recrystallized quartz, width of view 3 mm.
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chlorite, also with some epidote. A thin section
across the edge of such an ultramylonite band shows
that the bands of ultrafine phyllosilicate curve away
oblique to the band edge and tail off to phyllosilicate
domains defining the protomylonitic foliation in the
adjacent pegmatite-derived schist. The geometry of
these curving foliations suggests a top-to-west shear
sense, consistent with the other field and microstruc-
tural shear sense criteria discussed here.

In summary, the basement of the Arnaboll
Thrust Sheet is deformed by narrow, relatively
low-displacement shears that show consistent,
top-to-west shear senses. The integrated strain rep-
resented by these shears is considered here to be
rather minor, such as the example in Figure 6d for
which an estimated cumulative section-parallel
displacement of 3.5 cm was estimated by the strain
isogon technique (Wibberley 1995). The integrated
strain is considered to be significantly less than
that deduced by Ramsay (1997) from the trend of
gneissic banding and amphibolites. However, the
orientation of banding and sheets are interpreted
here as being of Precambrian age, part of the
original basement structure rather than due to thrust-
ing, because they are relict amphibolite facies
structures.

Large-scale deformation of the

Arnaboll Thrust Sheet

There are various idealized relationships between
folds and thrusts that have been applied to the Arna-
boll structure. Coward (1984, fig. 9) and Rathbone
et al. (1983) proposed that the antiform cored by
Pipe Rock was formed by stacked imbricate thrusts.
These authors also interpreted the antiform as
formed by a fault-propagation fold developed in
the footwall Pipe Rock (McClay & Coward 1981,
fig. 7e), an interpretation followed by Butler
(1988, Butler et al. 2006, see also Fig. 4). However,
these published versions predict a corresponding
synform (with a sub-vertical axial plane striking
approximately N030) in the allochthonous base-
ment of the Arnaboll Thrust Sheet that this study
refutes. For these interpretations to be tenable,
gneissic banding within the Lewisian basement of
the thrust sheet should be folded by Caledonian
deformation, because the Lewisian gneissic foliation
striking 060 and dipping moderately-to-steeply to
the SE should theoretically be folded to an app-
roximately north–south striking sub-vertical orien-
tation in the NE of the Arnaboll thrust sheet
basement close to the overturned footwall Pipe
Rock. Furthermore, folding should predict flexural
shear strains of opposed senses on opposite sides
of the axial surface of the synform, as described
elsewhere in the region for thrust-related folding

in the Pipe Rock (Fischer & Coward 1982). The
gneisses are not folded by appropriate structures
[the gneissic foliation continuing its N060 strike
and moderately-to-steeply SE-dipping orientation
along strike (e.g. NC 462 592)], and the senses of
displacement observed in the subsidiary shears
both in the field and in thin section are consistently
top-to-WNW. There is neither a mappable fold
nor a switch in vergence as expected for these
interpretations.

Models of fold-thrust relationships are reviewed
at length by Shaw et al. (2005) who provide a struc-
tural styles guide for the interpretation of seismic
reflection data. These models (Fig. 7a) suppose
that antiform-synform pairs are generated above
and ahead of narrow thrust zones. In the idealized
fault-propagation fold model the displacement gra-
dient approaching the thrust tip is accommodated
by instantaneous rotation and limb expansion

Fig. 7. Models of fold-thrust complexes. (a) Shows a
fault-propagation fold developed with kink-band
morphology. Thrust displacement at depth passes up into
a kink fold. However the folding is only accommodated
by rigid rotation of the forelimb. AT, Arnaboll Thrust.
(b) Illustrates a tri-shear model. Deformation in the
forelimb, between the synform and antiform axial traces
(s and a respectively) accomplishes quasi-simple shear.
(c) Shows a strain representation of the trishear system.
In the case of Ben Arnaboll, where the Arnaboll Thrust is
breached along the synformal axial trace, the strong
trishear deformation is carried away in the hanging wall
to the breaching thrust, so that it lies above the current
erosion level.
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due to the migration of the hinge of the antiform.
The thrust propagates along the axial trace of the
synform. In trishear thrusting the displacement gra-
dient is accommodated by distributed quasi-simple
shear contained within a zone of deformation that
expands up-section from the thrust tip (Fig. 7b). In
this case there is a significant ductile strain com-
ponent but like the fault propagation fold, this is
carried in the hanging wall of the thrust and also
grows along the axial trace of the synform. The
two models make different predictions of strain
associated with thrust displacement gradients but
both leave an undeformed footwall. It is this that
is critical for the Arnaboll example.

The new interpretation favoured here is that the
eastern boundary of the allochthonous basement
on Arnaboll (i.e. the Arnaboll Thrust Sheet) is an
ESE-dipping breaching thrust that loses displace-
ment and distributes strain upwards (Fig. 7c). The
breaching geometry is appealing because similar
structures are evident along the northern outcrop
trace of the Arnaboll Thrust (e.g. NC 463 595,
Fig. 5). Furthermore there is a candidate imbricate
thrust that can be traced in the underlying Pipe
Rock quartzites (visible around NC 4640 5945;
Coward 1984) and this traces SSW into the Pipe
Rock/basement contact in question.

The large-scale breaching thrust interpreted here
offsets the Arnaboll thrust surface by c. 300 m, as
illustrated in the cross-sections of Figure 8b.
Figure 8a shows the relationship between the foot-
wall (line B–B) and hanging wall (line A–A)
cut-off lines of the Arnaboll thrust by the breaching
thrust, and the distance between them indicates
250 m of map offset of the Arnaboll thrust surface.
Deformation associated with thrust propagation is
restricted to the hanging wall of the breaching
thrust which, at the current erosion level, lies exclu-
sively within the Pipe Rock along the section line
(Fig. 8).

Ductility, strain localization and

thrusting patterns

An important constraint on the cross-section geo-
metry discussed above is the rather low degree of
Caledonian deformation within the Arnaboll
Thrust Sheet. However, the fact that deformation
does exist is important because it charts part of
the history of strain localization within the thrust
belt. The greenschist facies schistosity and localized
shears described above within the Arnaboll Thrust
Sheet have very similar semi-brittle deformation
mechanisms and alteration mineralogies to the
fault rocks found along the Arnaboll Thrust itself
(White et al. 1982; White 1998; Wibberley 1995,
2005). One explanation for this similarity is that

the deformation of the thrust sheet and along the
Arnaboll Thrust are coeval and associated with the
original emplacement. However, the fabrics inten-
sify into shears that trace down into the array of
imbricate faults that breach through the Arnaboll
Thrust surface. Given that the breaching thrusts
cross-cut the Arnaboll Thrust surface, fabrics
associated with those breaching thrusts are hence
interpreted as being post-Arnaboll Thrust Sheet
emplacement. Consequently, a significant part of
the distributed deformation within the Arnaboll
Thrust Sheet occurred after most of its displacement
on the localized thrust at its base. These late strains
are ductile and are more widely distributed within
the thrust sheet than along its base. Indeed although
the Pipe Rock in the footwall to the Arnaboll Thrust
shows significant simple shear (Fischer & Coward
1982), it shows very little evidence for distributed
layer-parallel shortening. Rather, this breaching
deformation must be strongly localized onto the
imbricate thrust surfaces.

The distribution of deformation, from localized
thrusting beneath the Arnaboll Thrust breaching
up into broader zones of distributed deformation
that shows consistent shear senses is essentially a
description of trishear (Fig. 7). It is interesting to
note that the trishear model (Erslev 1991) was orig-
inally developed to explain the pattern for folding
(i.e. distributed deformation) observed in sedi-
mentary rocks above a discrete basement thrust at
depth. At Arnaboll the rock types are reversed,
because of the earlier episode of thrusting (emplace-
ment of the Arnaboll Thrust Sheet). However,
Butler et al. (2006) speculate that the breaching
thrusts found on Arnaboll hill pass structurally up
into folds of the basement-cover contact, exposed
a few kilometres further south along the thrust
belt. Nevertheless, the development of significant
ductile deformation after thrusting localized onto
the discrete Arnaboll Thrust and the adjacent
imbricates, demands further discussion.

This structural history contrasts with the gener-
ally accepted notion that thrust sheets typically
have rigid behaviour during large translations (cf.
Ramsay 1997). Indeed, many of the basement
thrust sheets in the Moine Thrust Belt lack the pen-
etrative fabrics shown here to have been generated
in the Arnaboll Thrust Sheet (e.g. Wibberley 1997;
Butler et al. 2006).

The development of ductile deformation fabrics
in the allochthonous Lewisian basement is accom-
plished by the reaction of feldspars to sericite. The
deformation zones are marked by mica and chlorite
fabrics pointing to the importance of reaction-
enhanced ductility (White & Knipe 1978). The
mineral reactions require significant hydration of
the original amphibolite-facies basement rocks,
and this is best achieved once the Arnaboll Thrust
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Fig. 8. (a) Structure contour map (contour intervals are in feet) of the thrusts around Ben Arnaboll. The main breaching
thrust is shown by open triangles. (b) Cross-section through the Arnaboll thrust sheet.
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Sheet has been emplaced onto the Cambrian sedi-
mentary cover. The initiation of fairly high-dip
breaching thrusts and thrust/fracture conduits in
the basement (e.g. Caine et al. 1996; Evans et al.
1997) may additionally improve hydrological
communication between the Arnaboll Thrust, the
basement of the thrust sheet, and the synorogenic
surface. The hydrological effect of this would be
to aid the infiltration of meteoric waters generally
more favourable for encouraging feldspar sericitiza-
tion (Wintsch et al. 1995). Thus breaching of the
thrust sheet and ingress of water permits reaction-
enhanced ductility and concomitant partitioning of
deformation back into the higher levels of the
thrust belt. This explanation carries an implication
that structural evolution of mountain belts can be
complex and often fundamentally inter-dependant
with hydrological and geochemical processes (e.g.
Wibberley 2005).

The above discussions cast doubt on the
simple use of deformation fabrics to deduce relative
timing and continuity of faults within the Moine
Thrust Belt and elsewhere (cf. Holdsworth et al.
2006). As originally proposed by Sibson (1977),
the fundamental premise behind such deductions is
that thrust systems evolve through increasing exhu-
mation and concomitant cooling, so that fault rocks
show a progressively down-temperature history. If
ductility is simply temperature-related then such
deductions may be valid. However, in the case of
the Arnaboll Thrust, the development of defor-
mation fabrics is controlled by the availability of
water. There is no a priori reason why this should
become less important during exhumation. Further-
more, deformation modes are also influenced by
other, non-thermal factors such as strain rate (e.g.
Sibson 1984). Our study shows that a simple
decrease in ductility does not always occur during
the evolution of thrust-related deformation, and
that models assuming the propensity of the thrust
belt to localize strain with time (e.g. Rathbone
et al. 1983) are not ubiquitously applicable. Conse-
quently, models of large-scale tectonic evolution
that rely on such reasoning, without further support-
ing information on the microstructural processes of
strain localization, must be viewed skeptically.

Conclusion

The Arnaboll Thrust Sheet shows a complex history
of internal deformation. Initial emplacement appears
to have occurred on a strongly localized thrust
contact (the Arnaboll Thrust plane) but at a late
stage, having been carried onto the current footwall
of Cambrian Pipe Rock quartzites, it was reimbri-
cated. At this stage low-intensity but widely distrib-
uted strain occurred throughout the thrust sheet,

approximating to a ductile strain component that is
represented by arrays of small shear zones. These
correlate with imbricate thrusts and related folds
in the footwall to the Arnaboll Thrust. Thus defor-
mation in this part of the Moine Thrust Belt evolved
from strongly localized to broadly ductile in contrast
to the general assumption of decreasing ductility
with time in these tectonic settings. Increased duct-
ility may have been enhanced by fluid ingress and
associated recrystallization to low-strength, sericite-
bearing mineralogies within the thrust sheet.

C. A. J. Wibberley carried out this research while in
receipt of a NERC studentship. We thank reviewers
R. Strachan and S. White together with editor R. Law for
constructive comments.
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Abstract: Abrupt lateral changes in thrust geometry occur in many fold-and-thrust belts along
so-called transverse zones, commonly related to pre-existing basement faults. However, the cau-
sative structures are usually concealed. We analyse here the Traligill Transverse Zone in the
Assynt Culmination of the Caledonian Moine Thrust Belt, NW Scotland. This transverse zone
trends sub-parallel to the WNW transport direction and is associated with en echelon faults
cutting thrusts, discontinuity of thrust architecture and oblique fold-and-thrust structures. Thick
thrust sheets north of the Transverse Zone contain thick basement slices; thrust sheets to the
south are thin and involve a thin-bedded sequence. The Traligill Transverse Zone developed
above the Loch Assynt Fault, a basement cross-fault, and reactivated Proterozoic ductile shear-
zone. Piercing point analysis shows that the cross-fault was active both before and after thrusting.
Thrusting thus affected strata that were already disrupted by steep faults. The amplitude of the
disturbance in fold-and-thrust architecture along the Traligill Transverse Zone is much greater
than the vertical displacement along the fault; this is attributed to localized transpressional
thrust-stacking. Other basement cross-faults and their relationship with lateral variations within
the Moine Thrust Belt and in other thrust belts are discussed.

Fold-and-thrust belts are intensely studied features
of mountain belts around the world; countless
papers have reported on their geometry, kinematics,
mechanics and petroleum potential (McClay 1992,
2004 and references therein). Many studies have
dealt with palinspastic reconstructions and balanced
cross-sections parallel to the thrust transport direc-
tion; far fewer have focused on the three-
dimensonal (3D) architecture of fold-and-thrust
belts, and how lateral variations in thrust architec-
ture in different segments of a thrust belt are
linked via so-called transverse zones (e.g. Mitra
1988; Thomas 1990; Fermor 1999; Paulsen &
Marshak 1998; Bégin & Spratt 2002). This relative
paucity in research is, in part, a consequence of the
difficulty in obtaining rigorous constraint upon the
3D geological model. In recent years, exploration
in both off-shore and onshore thrust belts has gener-
ated 3D seismic data sets and enabled 3D visualiza-
tion and interpretation of thrust geometries (e.g.
Hinsch et al. 2002; Gorney et al. 2007). Seismic
data are, however, by their nature relatively low-
resolution and it is advantageous to compare and
contrast seismically constrained models with well
exposed on-shore analogues.

The authors have revised the classic geological
map, the ‘Assynt Special Sheet’ (Geological
Survey of Great Britain 1923; British Geological
Survey 2007), in the Moine Thrust Belt in the

Caledonides of NW Scotland. In this paper we
describe an abrupt lateral change in thrust architec-
ture that occurs across the Traligill Transverse Zone
(TTZ). The TTZ transects the Assynt Culmination
(Figs 1 & 2), the largest and one of the most specta-
cular and historically significant of all the culmina-
tions in the Moine Thrust Belt. In contrast to other
studies on transverse zones (e.g. Mitra 1988;
Paulsen & Marshak 1999; Bégin & Spratt 2002),
the displacement evolution on cross-faults associ-
ated with the TTZ in Assynt can be accurately deter-
mined using well constrained piercing points, both
within the Moine Thrust Belt and in its foreland.
We will show how displacements across normal
faults orientated sub-parallel to the subsequent
thrust direction can create small steps in the pre-
thrust template, but that such small steps can cause
large-scale complexities within the thrust belt.

Geological setting

The Moine Thrust Belt (Fig. 1) is among the best
exposed and studied fold-and-thrust belts in the
world, and dominates the geological structure of
the NW Highlands of Scotland. The belt developed
during the Scandian (Silurian) phase of the Caledo-
nian Orogeny (e.g. van Breemen et al. 1979;
Freeman et al. 1998; Dallmeyer et al. 2001;
Strachan et al. 2002). The roof of the Moine
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Fig. 1. Geological map of the Moine Thrust Belt, North-West Highlands. MT, Moine Thrust; LC, Langwell
Culmination; UC, Ullapool Culmination; DC, Dundonell Culmination; FH, Faraid Head. No details east of Moine
Thrust shown. Inset shows position of Figure 2.

M. KRABBENDAM & A. G. LESLIE336



Thrust Belt is defined by the Moine Thrust, a struc-
ture which carries the Neoproterozoic Moine Super-
group in its hanging wall. These Moine rocks are
dissected and repeated by a number of ductile
thrusts (Barr et al. 1986) and are arranged within a

regional-scale structure that, like the Moine Thrust
Belt structurally below, incorporates culminations
and abrupt lateral variations (Leslie et al. 2010).
In the footwall of the Moine Thrust, the Moine
Thrust Belt consists of a series of thrust sheets that

Fig. 2. Simplified structure of the Assynt Culmination, showing main thrust sheets and Caledonian igneous intrusions.
BM, klippen of the Ben More Thrust Sheet. Location of Figures 4 and 6 indicated. See also British Geological
Survey (2007).
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transport rocks that can be confidently correlated
with the foreland.

The Moine Thrust Belt has been studied for over
150 years, largely because it contains a great variety
of well exposed thrust geometries. In some places the
Moine Thrust Belt is a single, simple thrust plane;
elsewhere thrust sheets are piled on top of each
other in wild and glorious complexity (e.g. Elliot &
Johnson 1980; Butler 1982, 1984; Coward 1982,
1983, 1985; Butler et al. 2007; Butler 2010). Thrust
sheets vary in thickness from km-scale to less than
10 m and a wide range of different thrust geometries
are present. These include foreland and hinterland
dipping-duplexes (e.g. Breabag Dome, Dundonnel),
anticlinal stacks, thrust nappes, true fold-nappes
(Lochalsh) and lateral ramps. In some places the
thrust belt consists of a single thrust (e.g. at
Knockan Crag), in other places thrusting is thin-
skinned (e.g. near Eriboll; south and western part of
Assynt culmination), while elsewhere thrusting was
relatively thick-skinned (e.g. near Achnashellach
and near Kishorn). Variability along an east–west
cross-section (along the thrust direction) can be
readily explained by the very different rheological
properties of the lithologies involved in the thrust
belt. These lithologies range from massive Lewisian
Gneiss basement, thick-bedded Torridon Sand-
stone, to thin incompetent dolomitic siltstone
layers sandwiched between Cambro-Ordovician
dolostone and Cambrian quartz-arenite (Fig. 3).
However, the Cambro-Ordovician cover strata are
characterized by a remarkable lateral uniformity in
thickness and lithology, with all units (some less
than 10 m thick) continuously present along a
strike length of c. 200 km (e.g. Peach et al. 1907,
p. 364; Prigmore & Rushton 1999). This begs the
question as to why there is such a strong lateral
(i.e. along strike) variability in kinematics and
architecture, within the thrust belt.

Lithologies in the Moine Thrust Belt and

its environs

In the Foreland west of the Moine Thrust Belt the
oldest rocks are in the Lewisian Gneiss Complex,
and comprise felsic to intermediate Archaean
orthogneisses (Scourian Gneiss), intruded by the
Early Palaeoproterozoic mafic and ultramafic
Scourie Dyke Swarm (Park et al. 2002). The
complex is unconformably overlain by the early-
Neoproterozoic Torridon Group which consists of
several kilometres of coarse red arkosic cross-
bedded sandstone (Applecross Formation). Hetero-
lithic units of conglomerate, breccia, sandstone
and mudstone of the Diabaig Formation are
locally present beneath the Applecross Formation
(Stewart 2002).

Another major unconformity separates the Torri-
don Group from the overlying Cambro-Ordovician
sequence (Fig. 3). The lower part of this sequence
(Ardvreck Group) is dominated by the Eriboll For-
mation, comprising the arenitic Basal Quartzite
and Pipe Rock members (each 75–100 m thick);
the latter is characterized by abundant Skolithos
‘pipes’; these distinctive trace fossils form ideal
strain markers (Wilkinson et al. 1975; Coward &
Kim 1981). The much thinner An t-Sron Formation
comprises dolomitic siltstone and dolostone of
the Fucoid Beds Member (10–20 m thick),
succeeded everywhere by coarse quartz arenite of
the Salterella Grit Member (c. 7 m thick). The
siliciclastic Ardvreck Group is succeeded by the
calcareous Durness Group, of which only the three
lowest Formations occur in Assynt. The lower
Ghrudaidh Formation (c. 65 m thick) comprises
dark grey dolostones; these are succeeded every-
where by pale grey dolostones of the Eilean
Dubh Formation (c. 120 m thick). Only small occur-
rences of the still younger Sailmhor Formation
occur in Assynt; these dolostones are characterized
by abundant chert concretions and distinctive
burrow-mottling. McKie (1990), Wright & Knight
(1995), Prigmore & Rushton (1999), Park et al.
(2002) and Armstrong et al. (2006) provide
detailed descriptions of the Cambro-Ordovician
sequence; relevant here is that the sub-Cambrian
unconformity is a remarkably planar surface and
that the Cambro-Ordovician formations record an
extremely uniform stratigraphical thickness along
the length of the Moine Thrust Belt, very much a
‘layer-cake’ (the thickness variations shown above
are along 200 km strike length, from Durness to
Skye, Fig. 1).

The Moine Supergroup, of which only the lower-
most Morar Group is relevant here, is always separ-
ated from the other lithologies by the Moine Thrust.
The Morar Group comprises a thick sequence of
arkosic to sub-arkosic psammites with subsidiary
pelite and semipelite of fluvial origin; all are of
broadly similar age and origin as the Torridon
Group of the Foreland, with which they have been
correlated (Krabbendam et al. 2008).

Two plutons and several swarms of dykes and
sills are present within the Assynt Culmination
(Fig. 2); see Parsons (1999) and Goodenough
et al. (2004) for reviews. The Loch Ailsh Pluton
comprises feldspar- and pyroxene-syenite and
has been dated at 439 + 4 Ma (Halliday et al.
1987); it is generally regarded to predate thrusting
along the Moine Thrust. The Loch Borralan Pluton
comprises nepheline-, feldspar- and quartz-syenite
and has been dated at 430 + 4 Ma (van Breemen
et al. 1979). In contrast to the Loch Ailsh Pluton,
the Loch Borralan Pluton appears to truncate most
thrusts within the Assynt Culmination.
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Fig. 3. Generalized vertical section for Assynt, also to be used as key for Figures 4–7. Scale bar applicable to
Cambro-Ordovician rocks only. See also Park et al. (2002), British Geological Survey (2007).
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History of research

The ‘Highlands controversy’ was a long-lasting, and
at times intense and acrimomious, mid-19th century
scientific debate concerned with the problem how
non-fossiliferous metamorphosed rocks (Moine
psammites) could overlie fossiliferous sedimentary
strata (Durness ‘limestone’) on apparently concor-
dant boundaries. Major scientific figures of the
time such as Sir Roderick Impey Murchison,
Professors Charles Lapworth and James Nicol, geo-
logists Charles Callaway, Ben Peach and John
Horne and Sir Archibald Geikie all examined, and
argued over, the interpretations of key localities
including Loch Erribol, Assynt, Ullapool and Kinlo-
chewe. The scientific debate and the colourful lives
of the participants have been comprehensively
described by Oldroyd (1990); here only a
summary focusing on Assynt is given.

The apparently simple geometry of the (single)
Moine Thrust at Knockan Crag (Fig. 2), just south
of the Assynt Culmination, convinced Murchison
and his supporters of the existence of a simple
stratigraphical sequence whereby unfossiliferous
Moine rocks were deposited on fossiliferous lime-
stone in simple succession; the Moine rocks were
interpreted as Silurian in age. In contrast, James
Nicol showed that such simplicity could not
explain the local complexities of the geology in
central Assynt. Nicol (1857) suggested the existence
of a repetition of the quartzite-limestone sequence
and attributed this to the existence of a steep
(normal) fault near Inchnadamph in Assynt,
roughly at the level of what later became known
as the Sole Thrust (Fig. 2). Murchison however,
spent some time in the valley of the River Traligill
(Fig. 2), (apparently in the company of the ‘hand-
somest Highland lass I have ever seen’; Oldroyd,
1990, p. 78) and convinced himself that all the
rocks were in stratigraphical order. He reasoned
further that a second quartzite occurred stratigraphi-
cally above the limestone and that the entire
sequence was folded into broad, open folds (prob-
ably the Droighin antiform, or the Breabag Dome,
now recognized as anticlinal thrust stacks, see
below). On a cross-section through Assynt how-
ever, Murchison (1859) did not show any kind of
faulting, even though he must have seen the well
exposed and conspicuous Traligill Thrust. Much
later, Callaway (1883) started to doubt the ‘Murch-
isonian Doctrine’ and his cross-sections of Cnoc an
Droighin and Conival in Assynt (Fig. 4) are very
reminiscent of modern-day cross-sections except
that repetition of stratigraphical sequences was
still mainly attributed to steeply-dipping faults
rather than shallow-dipping faults (compare
Oldroyd 1990, p. 210, with Coward 1982 and
British Geological Survey 2007).

The ‘Highlands controversy’ was intellectually
solved by Charles Lapworth (1883, 1884) on the
key outcrops near Loch Erribol, in the northern
part of the Moine Thrust Belt. In the meantime,
Archibald Geikie, who had previously supported
the ‘Murchisonian Doctrine’ but had now super-
seded Murchison as Director of the Geological
Survey, sent a team of surveyors led by Benjamin
Peach and John Horne to the NW Highlands, to
settle the issue once and for all. In the field, Peach
and Horne were quickly convinced by Charles
Lapworth of the validity and elegance of his solution
involving low-angle thrust repetitions and so started
to map the Loch Eriboll area in detail. Peach, Horne
and colleagues gradually worked their way south
along the entire thrust belt, producing exquisite
geological maps along the way. Their work culmi-
nated with the classic Geological Survey memoir
describing ‘The geological structure of the NW
Highlands of Scotland’ (Peach et al. 1907) and
publication of the ‘Assynt Special Sheet’ (Geologi-
cal Survey of Great Britain 1923).

Those publications did not however solve all of
the geometrical problems, especially how one
thrust might join with, or link into, another. For
instance, one remaining problem was the northern
termination of the Ben More Thrust, as discussed
in Elliot & Johnson (1980) and Krabbendam &
Leslie (2004); another problem was the southern
continuation of the Glencoul Thrust near Inchna-
damph, with different solutions proposed by
Bailey (1935), Christie (1963) and Elliot &
Johnson (1980). Coward (1982) suggested the exist-
ence of large-scale ‘surge-zones’ involving linkage
between frontal thrusts and extensional faults at
the rear as a solution, a model rejected by Krabben-
dam & Leslie (2004).

Overview of the Assynt Culmination

The overall structure of the Assynt District is that of a
bulge or culmination in the Moine Thrust plane
(Fig. 2). The overall thrust movement was to the
WNW (McClay & Coward 1981), and most thrusts
dip gently to the ESE. Within the Assynt Culmina-
tion, major individual thrust sheets broadly overlap
each other in such a way that the more northerly
thrust sheets overlie those to the south. The structu-
rally highest, and also largest, thrust sheet is the Ben
More Thrust Sheet (Fig. 2), with a strike length over
20 km (Krabbendam & Leslie 2004); small klippen
of the Ben More Thrust Sheet occur farther west
(Coward 1985; Peach et al. 1907). The floor thrust
in the culmination is defined as the Sole Thrust
(Fig. 2), although this is not necessarily one single
thrust plane. South of the Assynt Culmination, as
at the classic Knockan Crag locality (now featuring
a visitor centre dedicated to the geology of the
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Fig. 4. Geological map of the Droighinn area, northern part of the Assynt Culmination. Detailed geology in Ben More
Thrust Sheet, Stronchrubbie-Breabag System and Achmore imbricates not shown. Position of cross-section line
A–A0 and D–D0 (see Fig. 5) is indicated. Grid ticks refer to NC square of the British National Grid. Points A to J
are explained in the text. For key see Figure 3; purple points are selected branching points. After British Geological
Survey (2007).
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Moine Thrust Belt), the Moine Thrust rests directly
on the Foreland, so that the Moine Thrust and the
Sole Thrust are effectively the same structure.

The Assynt Culmination is transected by the
TTZ. This transverse zone trends WNW–ESE, sub-
parallel to the thrust transport direction, and is
associated with an en echelon fault system cutting
thrusts, discontinuity of the thrust architecture, and
oblique fold and thrust structures (Fig. 2). The
effect of the transverse zone on the Ben More and
Moine Thrusts is only minor but below the Ben
More Thrust the thrust architecture differs greatly
to north and south of the transverse zone; these
differences are the focus of this paper.

Thrust architecture north of Traligill

Transverse Zone

The area north of the TTZ is dominated by the Glen-
coul Thrust Sheet (Figs 2 & 4); this structure termi-
nates near Loch Glencoul in the NW of the
culmination (Krabbendam & Leslie 2004). The
northern part of the Glencoul Thrust Sheet com-
prises a single thick slab of Lewisian Gneiss,
overlain by Basal Quartzite on Glas Bheinn and
Beinn Uidhe (Fig. 4); the Glencoul Thrust emplaces
Lewisian Gneiss over Durness Group dolostone in
the footwall (Butler in Allison et al. 1988). SW of
Ghlas Bheinn, the footwall of the Glencoul Thrust
comprises the ‘Achmore imbricates’, dominated
by Durness Group dolostone; these were described
in detail by Coward (1984) and are not considered
further here. West of Glas Bheinn, Basal Quartzite
occurs in the immediate hanging wall of the
Glencoul Thrust; farther south (Point A on Fig. 4),
Pipe Rock is emplaced over the dolostone of the
Achmore imbricates. The Glencoul Thrust, there-
fore, does lose some of its stratigraphical separation
as the thrust ramps up through the hanging wall suc-
cession towards the south (Elliott & Johnson 1980).

South of Glas Bheinn and Beinn Uidhe, there are
two large bodies of Lewisian Gneiss, in contrast to
the single slab exposed north of those summits
(Figs 4 & 5d). In 3D, these two bodies are flattened
cylinders plunging to the ESE (Fig. 5a). There are at
least at least six subsidiary thrusts between the
Glencoul Thrust and the overlying Ben More
Thrust in this area: each of these, and the Glencoul
thrust, are now described in turn from west to east.
Most thrusts appear to be splays of the thrust that
underlies the north side Beinn Uidhe and Glas
Bheinn (Fig. 4).

The Cnoc an Droighinn surge zone revisited

East of Achmore Farm, the Glencoul Thrust
emplaces Pipe Rock over Eilean Dubh dolostone

of the Achmore Imbricates (Fig. 4). Some 100 m
above the Glencoul Thrust, a subsidiary thrust, the
Cnoc Dubh Thrust, emplaces Basal Quartzite over
Pipe Rock and north of Point B, a c. 4 km2

outcrop of Lewisian Gneiss rests on the Glas
Bheinn Thrust. The gneiss is unconformably over-
lain by Basal Quartzite near Point B (Fig. 4) but
the eastern contact of the Lewisian Gneiss is also
a thrust (the Cnoc an Droighinn Thrust) that
locally emplaces Pipe Rock onto Lewisian Gneiss
(Point C). Near Point D, east-dipping dip slopes of
Pipe Rock occur, whilst farther east Basal Quartzite
occurs at Point E. This suggests the presence of
another thrust, termed here the Poll an Droighinn
Thrust between these two points, although outcrop
is poor. The Poll an Droighinn Thrust is interpreted
here as a later breaching thrust (see below). Farther
east, and structurally higher still, is the Beinn Uidhe
Thrust, which has the eastern body of Lewisian
Gneiss in its immediate hanging wall. In the north,
the Beinn Uidhe Thrust is traced along the SW
slopes of the Beinn Uidhe plateau (via point H),
emplacing Basal Quartzite over Pipe Rock, whilst
to the south the thrust is traced along the slopes
beneath the Beinn an Fhurain plateau (point G). A
further subsidiary thrust (the Loch nan Cuaran
Thrust) occurs east of, and structurally above, the
higher Lewisian Gneiss body; this thrust is a splay
branching off the Beinn Uidhe Thrust at points G
and H. The thrust has only minor displacement but
commonly thickens Pipe Rock or Basal Quartzite
and locally emplaces Basal Quartzite over Pipe
rock (east of Point G, Fig. 4).

North of Poll an Droighinn between the Glen-
coul and Ben More Thrusts, it not only appears
there is repetition (in map and section view, Figs 4
& 5a) of the two Lewisian Gneiss bodies but also
of the thrusts surrounding the two bodies. Thus,
the Beinn Uidhe Thrust appears to be equivalent
to the Glas Bheinn Thrust, both carrying Lewisian
Gneiss in their hanging walls. The Cnoc an Droigh-
inn Thrust is equivalent to the Loch nan Cuaran
Thrust, both minor thrusts structurally above the
Lewisian Gneiss bodies. Coward (1982) suggested
that the two areas of gneiss were originally part of
a single mass, disrupted by a NW-dipping exten-
sional fault as part of a ‘surge zone’. This putative
extensional fault would extend from Inchnadamph
NE ward, via Poll an Droighinn and point I, to the
Leathaid Riabhaich gully and would have resulted
in the western Lewisian Gneiss body being dropped
down by some 400 m to the west with respect to the
eastern body (Coward 1982). The new revision
mapping, however, demonstrates that strata and
thrusts between Beinn Uidhe and Beinn an Fhurain
show too much continuity to allow such displace-
ment and invalidates the interpretation of Coward.
Furthermore, we find no evidence that the cross
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fault identified in the lower reaches of the Allt Poll
an Droighinn continues to the NE towards Point I,
rather it trends east–west and probably connects to
cross-faults farther east near Point G (Poll an
Droighinn Fault on Fig. 4). Moreover, the northern
cross fault near Point I displaces the Beinn
Uidhe thrust and a small fold and has limited

(,50 m) down-to-the-east displacement. The con-
tact at Leathaid Riabhaich was re-interpreted by
Krabbendam & Leslie (2004) as the trace of the
Ben More Thrust, steepened above an oblique
culmination wall, rather than an extensional fault.

We prefer instead to explain the gross dupli-
cation by a breaching thrust that repeated an

Fig. 5. Cross-sections showing thrust architecture in Assynt Culmination. Locations of section lines are indicated on
Figures 4 and 6. For key see Figure 3. Ben More Thrust sheet is hatched. No vertical exaggeration. See also British
Geological Survey (2007). BFT, Beinn an Fhurain Thrust; BMT, Ben More Thrust; BUT, Beinn Uidhe Thrust;
CDT, Cnoc Dubh Thrust; Droi, Cnoc an Droighinn Thrust; GBT, Glas Bheinn Thrust; GcT, Glencoul Thrust; LCT, Loch
nan Cuaran Thrust; PDT, Poll an Droighinn Thrust; TT, Traligill Thrust; ST, Sole Thrust. (a) Cross-section across
Droighinn area, north of Traligill Transverse Zone. (b) Cross-section across Breabag-Stronchrubbie system, just south
of Traligill Transverse Zone. (c) Cross-section across Breabag-Stronchrubbie system, 2–3 km south of Traligill
Transverse Zone. (d) North–south cross-section (normal to transport direction) across the Traligill Transverse Zone.
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already thickened series of thrust sheets. The most
likely candidate for such a breaching thrust is the
Poll an Droighinn Thrust (Figs 4 & 5a); some
(later?) breaching movement may also have been
taken up by Cnoc an Droighinn Thrust, as this
locally emplaces Pipe Rock over Lewisian Gneiss
(Point C), a younger-over-older relationship com-
monly seen with breaching thrusts.

The Droighinn anticlinal stack

The thrusts traced southward from Cnoc an Droigh-
inn are folded over an anticlinorium – the Droighinn
Anticline of Bailey (1935) and Coward (1982;
Fig. 4). This fold is presumably formed by antifor-
mal stacking of underlying thrust imbricates;
however, the core of the anticlinal stack is nowhere
exposed and so its components and internal architec-
ture cannot be constrained (Fig. 5d). North of the Poll
an Droighinn Fault at least two antiformal folds
occur, separated by the Glas Bheinn Thrust; to the
south of the Fault the antiform continues as a
single structure and crosses the River Traligill at
the trace of the Gleann Dubh Fault (Point J, Fig. 4).
The continuity of the anticline across the Poll an
Droighinn Fault implies that this cross-fault cannot
have significant displacement (Bailey 1935; cf.
Coward 1982). The axis of the Droighinn Anticline
trends c. 130–3108, markedly oblique to the thrust
transport direction (Coward & Kim 1981).

South of the Poll an Droighinn Fault, the Droigh-
inn Anticline has a monoformal profile with a gently
NE-dipping limb and a moderate to steeply SW-
dipping limb, the latter exposing extensive quartzite
dip-slopes. On the NE limb three thrusts occur: the
uppermost is the Beinn Uidhe Thrust, marked by a
small occurrence of Lewisian Gneiss in the immedi-
ate hanging wall in the north (near Point G). The
middle thrust is termed the Beinn an Fhurain
Thrust marked by a distinct nick in the west slope
of Beinn an Fhurain; here it emplaces a folded
sequence of Basal Quartzite and Pipe Rock over
Pipe Rock and a thin sliver of An t-Sron Formation
(Point F). The Beinn an Fhurain Thrust possibly
links with the Poll an Droighinn Thrust. The lower-
most thrust is discussed later.

Thrust architecture south of Traligill

Transverse Zone

The thrust architecture south of the TTZ is domi-
nated by the Breabag – Stronchrubie system that
stretches from the Sole Thrust in the west, to Glen
Oykel in the east where it is overlain by the Ben
More Thrust (Figs 5b, c & 6). In the north, the
Traligill Thrust (Tr on Fig. 6) forms a convenient
boundary, while in the south the system appears to

be truncated by the Loch Borralan Pluton in an
area of poor exposure. The quartzite-dominated
Breabag Dome structure in the east and the
dolostone-dominated Stronchrubie imbricates in
the west were regarded by Peach et al. (1907), and
by Elliott & Johnston (1980), as separate thrust
systems. However, Coward (1984) demonstrated
that individual horses can be traced from the
Breabag Dome into the Stronchrubie imbricates,
thus collectively forming a single thrust duplex
system. Coward’s work (1984) is, with only minor
modifications, the basis of the published revised geo-
logical map and cross-section for this area (British
Geological Survey 2007). The thrust sheets are
arranged within an anticlinal stack termed the
Breabag Dome (Fig. 5c), such that strata dip west-
ward towards the Foreland on the western slopes of
Breabag and are commonly well-exposed in large-
scale dip-slopes. East of the hinge, thrusts and
strata dip eastward. The axis of the Breabag Dome
trends north–south and approximately follows the
summit ridge of Breabag (Fig. 6). The thrusts in
the Stronchrubie imbricate system dip gently to the
east and the hinge zone of the gentle intervening,
north–south syncline underlies the three klippen of
Cnoc nan Uamh, Beinn nan Cnaimhseag and Beinn
an Fhuarain. The latter two klippen comprise
Torridon Group rocks and quartzite and are gener-
ally regarded as part of the Ben More Thrust sheet
(Peach et al. 1907; Geological Survey of Great
Britain 1923; Elliot & Johnson 1980). In contrast,
the Cnoc nam Uamh Klippe contains Pipe Rock
and An t-Sron Fm and is described further below.

The Breabag Dome comprises at least six dis-
crete thrust sheets, with the lowest thrust (1)
exposed in the topographical depression of Cùil
Dhubh (point P on Fig. 6), and the highest (6) in
the SE near Point Q (Fig. 6). Thrusts (2), (3) and
(4) have a considerable strike length (c. 8 km) and
can be traced from the Loch Borralan Pluton in
the south to Gleann Dubh and Bealach Traligill.
However, subsidiary thrust (5a) is confined to
Breabag and Glen Oykel, and the positions of the
westerly branch points of this thrust are reasonably
well constrained on the ridge of Breabag (see
purple dots marking branch points on Fig. 6). The
easterly branching points are less well constrained
as they occur in the poorly exposed valley floor of
Glen Oykel. Thrust (4a) only occurs in the southern
part of the Breabag Dome.

Individual thrust sheets climb stratigraphy
towards the west, so that their trailing edges
contain quartzite and their leading edges contain
dolostone (Coward 1984). This is best illustrated
in thrust sheet (2) which exposes westerly dip-slopes
of Pipe Rock and minor Basal Quartzite on the
western slopes of Breabag, with wide outcrops
of Fucoid Beds in the low ground near point
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Fig. 6. Geological map of the Stronchrubbie-Breabag System area, central part of the Assynt Culmination. Thrusts
are numbered. Detailed geology in Ben More Thrust Sheet is not shown. Position of cross-section lines B–B0, C–C0

and D–D0 (see Fig. 5) is indicated. Grid ticks refer to NC square of the British National Grid. Points P to X are
explained in the text. For key see Figure 3. Tr, Traligill Thrust; br, breaching thrust. After British Geological
Survey (2007).
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R (Fig. 6), giving way to gentle east-dipping to sub-
horizontal Durness dolostones farther west in the
same thrust sheet.

In Glen Oykel in the east, three small inliers of
Lewisian Gneiss, overlain by Basal Quartzite,
occur within thrust sheets (4) and (5). This shows
that these high-level thrust sheets ‘sampled’ the
basement gneiss but it is not known whether the
large thrust sheets farther west and lower down
in the structural pile [e.g. thrust sheets (2) and (3)]
also ‘sampled’ Lewisian Gneiss, as the critical
levels are nowhere exposed. The eastern flank of
the Breabag Dome is a composite fold-and-thrust
duplex system and incorporates a number of separ-
ate fold hinges, some of which are spectacularly
exposed, for example, near point S (Fig. 6). The
very sinuous exposure pattern of thrust (5a)
around point T is a consequence of the intersection
of the valley topography and the monoformally
folded profile of the thrust.

SE from Inchnadamph, a large boggy area is
underlain mainly by Eilean Dubh Formation dolos-
tones. A great number of subsidiary thrusts occur in
the so-called Stronchrubie imbricates. Two of these
carry a sliver of the Sailmhor Formation, the highest
stratigraphical level preserved in the Assynt Dis-
trict. Near point U on Figure 6, the lower imbricates
are admirably exposed in the Stronchrubie cliffs (a
classic excursion stop, see Butler, in Allison et al.
1988) and it can be seen that the Stronchrubie
thrust functions as the floor thrust to this system.
The Stronchrubie Thrust lies c. 70 m structurally
above the Sole Thrust, which occurs at the base of
the Stronchrubie cliffs. Towards the NE, imbricates
of Eilean Dubh Formation (locally also with Ghru-
daidh Formation) root into the Traligill Thrust
(point V on Fig. 6). The Traligill Thrust dips
c. 208 to the SSW, and probably links with the
Stronchrubie Thrust, albeit reorientated later (see
below). That stated, a direct link between these
two thrusts has not been established due to structural
complexity and paucity of outcrop in the area
immediately SE of Inchnadamph.

The Cnoc nan Uamh Klippe

The Cnoc nan Uamh Klippe (Fig. 6) contains Pipe
Rock, Fucoid Beds, and Salterella Grit; the klippe
structurally overlies dolostones of the Stronchrubie
imbricates. Subsidiary thrusts occur within the
klippe and emplace Pipe Rock over Fucoid Beds
and create repetitions of Fucoid Beds and Salterella
Grit. Some 500 m to the east is another small klippe
of steeply dipping Pipe Rock; this klippe and the
Cnoc nan Uamh klippe probably belong to the
same thrust sheet. It is unlikely that the Cnoc nan
Uamh klippe belongs to the Ben More Thrust
Sheet, since the klippen in the south comprise

mainly Torridon Group rocks. A link with the
Beinn an Fhurain or Beinn Uidhe thrust sheets is
more likely, but cannot be proven.

Summary of thrust structures on either

side of the transverse zone

To summarize, north of the TTZ there are two major
thrusts, repeated by later breaching. The thrust
sheets are relatively thick (up to 500 m) and individ-
ual thrusts must have taken up several kilometres of
displacement in order to emplace Lewisian Gneiss
over Pipe Rock (Fig. 5a). Thrusting involved thick
slabs of Lewisian Gneiss and Eriboll Formation
quartzite; stratigraphically higher formations are
essentially absent, so that thrusting clearly worked
low in the stratigraphical succession and ‘dug’
deep into basement.

In contrast, thrusting to the south of the TTZ is
predominantly thin-skinned, involving mainly
cover strata. Thrust sheets are much thinner and
more numerous (at least six) than north of the
TTZ. Thrust sheets typically lack the incorporation
of thick slices of basement gneiss.

Traligill Transverse Zone and its

cross faults

Any attempt to establish links (or otherwise)
between the different thrust geometries on either
side of the TTZ, necessitates the study of the high-
angle en echelon fault system that is associated
with the transverse zone. That system of faults is
aligned with the Proterozoic WNW–ESE trending
Stoer Shear Zone, which has been identified within
the Lewisian Gneiss in the Foreland (Cartwright &
Barnicoat 1987; British Geological Survey 2002a,
2007). The Stoer Shear Zone, although not studied
in detail, is similar to the Canisp Shear Zone
farther south (Fig. 2). The Canisp Shear Zone is
a km-wide shear zone, formed by repeated
ductile movement during the so-called Inverian
amphibolites-facies event at c. 2500 Ma and more
localized ‘Laxfordian’ movement between 1700
and 1600 Ma (Attfield 1987, Park et al. 2002).
Beacom et al. (2001) showed that the Canisp Shear
Zone also experienced widespread brittle reactiva-
tion. The Stoer Shear Zone can be traced to the
western end of Loch Assynt. Loch Assynt is a
(glacial) erosional trough excavated along a fault
that displaces the Cambro-Ordovician sequence
and the Sole Thrust (see below); this fault is
termed here the Loch Assynt Fault. It is likely that
the Loch Assynt Fault represents brittle reactivation
of (part of) the Stoer Shear Zone.

Farther ESE within the Assynt Culmination,
there are two separate faults (Gleann Dubh Fault,
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Bealach Traligill Fault), arranged in en echelon
fashion (Figs 4, 6 & 7a, b). The Gleann Dubh and
Bealach Traligill Fault have an overlap of c. 1 km
and a c. 300 m wide relay ramp. Between the
Gleann Dubh and the Loch Assynt Fault there is no
overlap; instead there is a c. 2 km long gap without
fault separation (between the Cnoc nam Uamh
Klippe and Inchnadamph; Fig. 6). There are three
separate piercing point pairs that constrain the true
displacement of the different segments of this cross-
fault system. Each is assessed in turn below.

In the east, the Bealach Traligill Fault (also
called Traligill Pass Cross Fault, Elliott & Johnson
1980) has a strong topographical expression near
point W; here a spectacular gorge is lined with
strongly fractured and locally brecciated quartzite
(Figs 6 & 7a, b). In the east, this fault displaces the
Moine Thrust and the Ben More Thrust Sheet, with
an apparent sinistral offset of c. 250 m (see also
Fig. 2). West of the Ben More Thrust, precise con-
straints are provided by the displacement of An
t-Sron Formation on either side of the fault, WNW
of Bealach Traligill (Figs 6 & 7b). The axis of the
Breabag Dome fold provides a reliable piercing
point that further constrains fault displacement.
The displacement is c. 360 m, with a sinistral strike
slip component of c. 300 m and a downthrow to the
NE of c. 200 m (Fig. 7c).

The Bealach Traligill Fault stops short of the
trace of the Droighinn Anticline and displacement
is taken by the Gleann Dubh Fault, in an en ech-
elon arrangement (Fig. 7b). This fault displaces
the Droighinn Anticline, the axis of which provides
another reliable piercing point. The displacement
of this piercing point involves c. 90 m sinistral
with c. 20 m downthrow to the NE (Fig. 7d). This
strike-slip movement is corroborated by shallow
NE-plunging slickenlines on an exposed fault
surface at [NC 2795 2065]. This segment of the
fault must die out towards the NW, as the SW
limb of the Droighinn Anticline shows little or no
displacement.

In the Foreland, the Loch Assynt Fault displaces
the so-called Double Unconformity. The Double
Unconformity is the intersection of the base-
Cambrian unconformity, which dips c. 10–128 to
the east, and the base-Torridon unconformity,
which is broadly sub-horizontal. This intersection
line trends NNE–SSW (Fig. 7a), at high angles to
the Loch Assynt Fault. On the south side of Loch
Assynt, the Double Unconformity intersection is
about 100 m above loch level, whilst on the north
side it lies c. 20 m below loch level. Piercing point
analysis shows that the Loch Assynt Fault has a
sinistral displacement of c. 1300 m, with a down-
throw to the NE of c. 120 m (Fig. 7e).

The Loch Assynt Fault, lying outside the
thrust belt, records the cumulative fault

displacement accumulated since deposition of the
Cambro-Ordovician sequence, that is, the sum of
pre-, syn- and post-thrust displacements. In contrast,
the Glean Dubh and Bealach Traligill Faults only
record displacement accumulated since the for-
mation of the anticlinal fold structures, that is,
syn- and post-thrust displacements. The cross-faults
within the TTZ thus experienced c. 1000 m of sinis-
tral displacement along the Loch Assynt segment
prior to thrusting, but were reactivated after thrust-
ing, with only some 300 m syn- to post-thrusting
displacement. The model in Figure 8 summarizes
the main features of the pre-thrust template, illus-
trating how prior to thrusting a c. 100 m high step
in the cover and basement had developed. Two
conclusions can be drawn from this piercing point
analysis.

1. Sedimentary strata did not form continuous,
uninterrupted planes prior to thrusting, but
had already been transected, and displaced,
by one (or more) normal faults, whose trend
was at a small angle to the subsequent thrusting
direction.

2. Displacements within the thrust belt (along the
Gleann Dubh and Bealach Traligill faults) are
limited, thus potentially allowing for reliable
linkages to be established between the thrust
system north and south of Traligill.

Links across the Traligill Transverse

Zone

The Ben More Thrust and the Sole Thrust can be
easily traced across the Traligill Transverse Zone
(Figs 2 & 6). Around Bealach Traligill, the sequence
of An t-Sron and Ghrudaidh formations that crops
out on either side of the Bealach Traligill Fault pro-
vides an important marker (point W on Figs 6 & 7).
These rocks are overlain by a major thrust (6), carry-
ing Basal Quartzite. This thrust can be traced
through the west wall of Conival towards the north
to thrust (60), where it links directly with the Beinn
Uidhe Thrust. The Beinn Uidhe Thrust and Thrust
(6) merge with the Ben More Thrust some 600 m
SE of Bealach Traligill (Fig. 6).

Similarly, thrust (5), which carries An t-Sron and
Ghrudaidh formations in its hanging wall, can be
confidently traced across to the north side of the
Bealach Traligill Fault (as thrust 50). However, its
fate farther to the NNW is unclear. The region
around point X (Fig. 6) is extremely complicated
and only moderately well exposed. Overall, the situ-
ation is that the axis of the Breabag Dome plunges to
the north, whilst the Droighin Anticline plunges
towards the SE, both towards Point X. A tight,
cuspate synclinal saddle structure lies in between.
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Fig. 7. Piercing point analysis along the Traligill Tranverse Zone. (a) Overview map of the Foreland, showing position
of ‘Double Unconformity’ and the main cross-faults. (b) Detail of upper Traligill, showing Droighinn Anticline and
Breabag Dome displaced by Gleann Dubh and Bealach Traligill Fault. (c) Piercing point analysis of Gleann Dubh Fault.
(d) Piercing point analysis of Bealach Traligill Fault. (e) Piercing point analysis of Loch Assynt Fault.
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Moreover, numerous thrusts appear to branch off
from each other, both near point X and farther
NW (see purple dots on Fig. 6), in an interlocking
manner, so that it becomes a difficult to establish
which individual thrust links with which.

Lower down in the thrust pile, the Traligill
Thrust is a major thrust, well exposed in the Traligill
Valley (Tr on Figs 4 & 6). Here, it strikes WNW–
ESE, sub-parallel to the thrust transport direction.
Imbricates of Durness Group dolostones which
belong to the Stronchrubie-Breabag system are
well defined in the hanging wall of this thrust, and
it is likely that the Traligill Thrust and the Stron-
chrubie Thrust are the same structure (see earlier
discussion). A continuous sequence all the way
down from Eilean Dubh Formation to Basal Quart-
zite occurs in the footwall of the Traligill Thrust,
(this is probably the sequence which led Murchison
astray). The strata in the footwall of the Traligill
Thrust and the thrust itself are folded by the
Droighin Anticline. Consequently, the Traligill
Thrust can be traced beneath the Cnoc an Uamh
Klippe, is folded over by the Droighinn Anticline,
and links to the westernmost thrust below Beinn
an Fhurain (termed here the Northern Traligill
Thrust Tr, Figs 4 & 6; see also Elliott & Johnson
1980, fig 15). The key now is how this Northern Tra-
ligill Thrust links with those to the north of Poll

an Droighinn Fault (Figs 4 & 5d). If the Beinn an
Fhurain Thrust links with the (breaching) Poll an
Droighinn Thrust, than it is likely that the Northern
Traligill Thrust links with Glas Bheinn Thrust and
that the Glencoul Thrust underlies or splays south-
wards into the concealed Droighinn Anticlinal
Stack (e.g. Elliot & Johnson 1980). Another (end
member) possibility is that the Poll and Droighinn
breaching thrust and its related breaching peters
out near Poll an Droighinn; in that case the Beinn
an Fhurain Thrust links with the Cnoc Dubh
Thrust (folded over the Droighinn Anticline) and
the Northern Traligill Thrust could link with the
Glencoul Thrust, again folded over the Droighinn
Anticline. This is attractive as both the Glencoul
and Traligill thrust serve as major floor thrusts, but
it would require that the Droighin Anticline devel-
oped after the development of the Glencoul–
Traligill–Stronchrubie Thrust system.

In summary, some individual thrusts can be
linked across the TTZ, for example, thrust (6) with
the Beinn Uidhe Thrust. The TTZ in upper Gleann
Dubh is marked by a cuspate synclinal saddle, in
between the two lobate anticlines (Droighinn and
Breabag Dome). Whether the Glencoul Thrust
links directly to the Traligill Thrust is uncertain,
but overall the Glencoul Thrust Sheet (sensu lato)
grades into the Breabag–Traligill–Stronchrubie

Fig. 8. Schematic block diagram of the Traligill Transverse Zone, showing inferred architecture of basement and cover
prior to thrusting.
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imbricate system by extensive splaying or interfin-
gering with some thrust sheets wedging out to the
north, and others to the south (Fig. 5d).

Discussion

The TTZ that disrupts the thrust structure in Central
Assynt has the following pertinent characteristics.

† The TTZ developed sub-parallel to, and structu-
rally above, a pre-existing fault (the Loch Assynt
Fault) that displaced both basement and cover
prior to thrusting. Fault displacement was sinis-
tral with a component of down-throw to the
NE. No stratigraphical changes occur across
fault; the fault is post-depositional (post Early-
Ordovician), although it reactivated the long-
lived ductile Proterozoic Stoer Shear Zone
identified in the Lewisian basement. Minor dis-
placements occurred syn- to post-thrusting.

† The thrust system to the south is characterized by
numerous thin thrust sheets, mainly involving
thin cover strata; to the north there are fewer
but thicker thrust sheets, involving thick base-
ment slivers. The thrust front in the north also
propagated further, resulting in a bend in the
thrust front. The two thrust systems are linked
by complex interfingering and branching across
the TTZ.

† The Droighinn Anticline in the north and the
Breabag Dome axis in the south both plunge
towards the cross-fault; the complimentary
synform in the centre is an extremely compli-
cated, cuspate saddle structure.

† The vertical displacement on the Loch Assynt
Fault (c. 100 m) is relatively small compared to
the scale of the transverse zone. On the NE
side of the fault system, the amplitude of the
Droighinn anticlinal stack is of the order of
1000 m (Fig. 5d). It thus appears that the scale
and complexity of the disturbance associated
with the TTZ grew larger with time, starting
from an original relatively minor disturbance.
This may be explained, at least in part, by
oblique ‘piling-up’ of thrust sheets by sinistral
transpression against the initial basement step.

† Sinistral transpression is likely to have occurred
as a consequence of the small angle between the
strike of the Loch Assynt Fault (3058N) and the
thrust transport direction (c. 2908N; McClay &
Coward 1981); this is schematically shown on
Figure 8. Sinistral transpression is also supported
by the strain measurements (using Skolithos
pipes as strain markers) of Coward & Kim
(1981). They documented moderately strong
sinistral shearing combined with east–west to
ENE–WSW contraction within thrust sheets on
the north side of the TTZ. The highest sinistral

shearing (g ¼ 0.5–0.6) was observed in the
core of the Droighinn Anticline. It should be
noted that the oblique orientation of the Droigh-
inn Anticline (within c. 208 of the thrust transport
direction) cannot solely be explained by rotation
of the fold axes (like sheath folds or flow pertur-
bation folds, Cobbold & Quinquis 1980; Alsop
& Holdsworth 2004); the sinistral shear strains
measured by Coward & Kim (1981) are not suf-
ficient (g , 0.6) to generate such a rotation.
Instead the Droighinn Anticline, and its associ-
ated (concealed) anticlinal stack, must have
primarily formed in a highly oblique orientation,
with little subsequent rotation (see also Coward
& Kim 1981; Coward & Potts 1983); again this
is consistent with local transpression.

Transverse zones and their origin:

comparisons with other thrust belts

Thrusts and nappes in many fold-and-thrust belts
commonly show a remarkable lateral continuity
(e.g. Canadian Rocky Mountains; Price 1981), but
all thrusts and nappes have to stop somewhere.
Abrupt lateral changes in thrust architecture com-
monly occur along so-called transverse zones.
Structures that connect thrusts from one side to the
other across the transverse zone can include lateral
and oblique ramps and strike-slip faults, grouped
together as ‘lateral connectors’ (Thomas 1990).
Specific studies on lateral thrust terminations and
transverse zones in thrust belts include studies in
the Appalachians (Mitra 1988; Thomas & Bayona
2002); Rocky Mountains in Utah (e.g. Paulsen &
Marshak 1988, 1997) and in Canada (Fermor
1999; Bégin & Spratt 2002); the Andes (Hinsch
et al. 2002; Mon et al. 2005); Alps (Laubscher
1985); Pakistan (McDougall & Khan 1990) and
the Pyrenees (Soto et al. 2002). Less sharp
changes in thrust architecture involving curvature
of the thrust front are related to the salient-recess
problems and are particularly well studied in the
Appalachians (e.g. Tull & Holm 2005).

Transverse zones in thrust belts can have a
number of causes. On the large-scale, one of the tec-
tonic plates involved can be an indentor, the India–
Asia collision being a good example. At the edges of
such an indentor numerous strike-slip and transverse
zones are likely to develop (McDougall & Khan
1990). However, there are a number of smaller-scale
causes, more relevant to this study in the Moine
Thrust Belt.

1. Lateral facies changes in the stratigraphy
without basement faulting (Fig. 9a). Such
changes, however, are not necessarily aligned
with the thrust transport direction, nor concen-
trated along a particular zone. Such changes,
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therefore, would be expected to have a gradual,
tapering effect on the overall thrust geometry, a
good example being the study of Soto et al.
(2002) in the southern Pyrenees. However, if
the lateral facies changes involve ‘easy glide
horizons’ (e.g. shale or evaporates) the effects
may be more pronounced.

2. A basement fault not affecting overlying strata,
with the cover strata having a flat unconformity
(Fig. 9b), that is, without post-depositional dis-
placement. Such a structure would only affect
the thrust architecture if thrusting involved
the basement. An additional effect may
develop if there is a distinct difference in orien-
tation of the principal fabric within the
basement, for instance if the fabric is sub-
horizontal on one side and sub-vertical on
another. Lateral changes within the Moine

Thrust Belt across the Laxford Shear Zone
may be a good example of this situation (see
also discussion below).

3. Thickness variations in the stratigraphy above a
basement fault (Fig. 9c); in this case the base-
ment fault must have been active during depo-
sition of the cover strata. In the Sevier
fold-thrust belt, Utah, Paulsen & Marschak
(1999) document a thickness variation in Pro-
terozoic to Permian strata from 3 to 9 km
across the Charlestown Transverse Zone; this
thickness variation is interpreted to be the
result of normal faulting in the Precambrian
basement. On the down-thrown side, where
the sedimentary package is thickest, thrusts
propagated farthest onto the foreland and
involved thick thrust sheets, comprising sedi-
mentary strata only. On the up-thrown side,

Fig. 9. Possible lateral variations in pre-thrusting templates. (a) wedge of sediment; (b) pre-depositional fault in
basement, not displacing cover strata; (c) syn-depositional fault in basement, active during deposition of cover strata;
(d) pre & post-depositional fault in basement displacing cover strata after deposition. Note that different angles
between the feature and the subsequent thrust transport direction (arrows) can lead to local transpression (TP) or
transtension (TT); see text for discussion.
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basement slices are involved in the thrusting.
The Charlestown Transverse Zone above the
interpreted basement fault links thrusts on
either side via a complex zone of lateral
ramps and strike-slip faults. At a late stage
(possibly due to a slight change in transport
direction to a more transpressive regime?) the
Uinta-Cottonwood arch developed, orientated
at right angles to the thrust front.

4. A basement fault that affected overlying strata
after deposition, so that the cover strata rest
upon a planar unconformity, which is sub-
sequently displaced (Fig. 9d); this is the situ-
ation described in the TTZ. Such a fault
would have an effect on the thrust architecture
if thrusting affected cover rocks only, but also
if it affected cover and basement.

Calassou et al. (1993) used sand-box modelling
to study the effects of a basement fault in the foot-
wall exactly parallel to the thrust direction, but
with a uniform hanging wall, very much like the
situation (4) above. The model of Calassou et al.
(1993) showed:

1. lateral interfingering of thrust sheets, both in
map view and in cross-section along the tran-
verse zone;

2. thrusts developing above the down-thrown side
of the basement fault propagating further on the
foreland, defining a bend in the thrust front; and

3. a different thrust geometry in the compartments
on either side of the transverse zone, with fewer
but thicker thrust sheets on the downthrown
side.

These features are similar to the situation across the
TTZ. However, the difference with Assynt is that
the scale of the transverse zone in the models is pro-
portional to the basement step, and no oblique anti-
clinal stacking developed. This is probably because
the basement fault in the models was positioned
exactly parallel to the thrust transport direction, a
situation that would be rare in nature.

An additional factor of importance, therefore, is
the angular relationship between the strike of the
pre-existing fault and the subsequent thrust trans-
port direction. In Figure 9c, d, if the transport direc-
tion is clockwise from the strike of the fault, thrusts
need to ramp up and over the basement step, and
local transpression is expected. Conversely, if the
transport direction is anticlockwise from the strike
of the fault, thrusts would ‘descend’ the basement
step, and local transtension is expected.

In many cases where pre-existing basement
faults are invoked as a parent structure to a trans-
verse zone, the contact of the transverse zone with
the basement is concealed by external parts of the
thrust belt or by its foreland basin. For instance, in

the Canadian Rocky Mountains, a number of
lateral changes in thrust architecture are well docu-
mented and thought to relate Proterozoic basement
shear zones (e.g. McMechan 2002; Bégin & Spratt
2002 and references therein). However, a 400 km
wide foreland basin separates the thrust front from
Proterozoic outcrop and the nature of the shear
zones can only be constrained by drilling and geo-
physical means (e.g. Ross et al. 1991; Pană 2003).
This means for instance that in NE British Columbia
(McMechan 2002) it is difficult to distinguish
between scenario 3) and 4) above. In the case of
the Moine Thrust, post-Caledonian tilting, uplift
and erosion have fortuitously revealed the foreland
basement in contact with the thrust belt, allowing
good constraints on the character and displacement
of the pre-existing basement structure, and its link
with the thrust belt, as shown by the detailed pier-
cing point analysis.

Other transverse zones in the Moine Thrust

Belt and Moine Nappe

The Lewisian gneiss basement in the Foreland of
the Moine Thrust Belt contains a number of
WNW–ESE striking Palaeoproterozoic shear
zones (Fig. 1; Coward & Park 1987; Attfield 1987;
Beacom et al. 2001; Kinny et al. 2005). In outline,
the effects of these shear zones on the Moine
Thrust Belt are as follows (described from north to
south – see Fig. 1 for locations).

1. The Rispond Shear Zone is a steep zone of
ductile shearing (Ramsay 1997). The later
Faraid Head Fault lies parallel to the shear
zone and is long recognized to be responsible
for down-faulting the Moine Thrust Belt to
the north (Peach et al. 1907), probably during
the Devonian or Permo-Triassic (Holdsworth
et al. 2007). There is no direct evidence that
the Rispond Shear Zone was reactivated as
the Faraid Head Fault (Holdsworth pers.
comm. 2008). Moreover,where the shear zone
runs under the thrust belt, the thrust architec-
ture is dominated by the Arnaboll, Lochan
Rhiabhach and Moine Thrusts. These thrusts
are rather continuous along strike and do not
show a pronounced transverse zone across the
projected trace of the shear zone (Holdsworth
et al. 2007; British Geological Survey
2002b). Farther SE (south and east of Eriboll)
there are lateral ramps in the thrust belt
(Holdsworth et al. 2006); the nature of the
Rispond Shear Zone here is unclear and a link
between the two structures would require
further study.

2. The Laxford Shear Zone is a wide shear zone
(Beach et al. 1974; Goodenough et al. 2010),
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the southern part of which lines up with Loch
More. Here, neither the Sole Thrust nor the
Cambro-Ordovician sequence in the Foreland
are much displaced, so little post-Ordovician
movement has occurred on faults related to
the Laxford Shear Zone. As no Torridon
Group rocks occur in the Foreland or in the
thrust belt in this region, it cannot be deter-
mined whether post-Torridon movement
occurred along the shear zone. However,
c. 2 km south of Loch More is a major
oblique ramp (Elliot & Johnson 1980) marking
the termination of a large thrust sheet with a
thick basement sliver, with the Bhuirich
Dome also occurring here (Butler 1984;
British Geological Survey 2007). It is likely
that these major lateral changes in thrust archi-
tecture were at least in part rooted above the
Laxford Shear Zone.

3. The Stoer Shear Zone underlies the TTZ as
already described.

4. The Canisp Shear Zone is another wide shear
zone, associated with a monoclinal steepening
of the fabric in the Lewisian basement (e.g. Att-
field 1987) and demonstrable brittle reactiva-
tion (Beacom et al. 2001). The Sole Thrust
and base-Cambrian unconformity in the
Foreland are not appreciably displaced. Never-
theless, the Canisp Shear Zone does line up
with the Loch Borralan Pluton and the approxi-
mate southern termination of the Ben More
Thrust Sheet (British Geological Survey
2007). It also approximately lines up with the
Oykel Transverse Zone (Leslie et al. 2010),
see below.

5. The Gruinard Shear Zone coincides with the
apparent northern termination of the Kinlo-
chewe Thrust Sheet. It should be noted that
between the Assynt Culmination and the Kinlo-
chewe Thrust Sheet, there are only a few
small-scale culminations (at Langwell, Ulla-
pool, Dundonell) and that the Moine Thrust
over much of this segment is a simple,
smooth structure.

6. The Loch Maree Fault is a major NW–SE
trending fault, associated with a number of
other faults and parallel to relatively narrow
Proterozoic (Laxfordian) shear zones (Park
2002). It has major pre-Torridon movement
(slicing the outcrop of the Loch Maree Group
in two) as well as post-Torridon movement,
which near Poolewe in the west must have
dropped down the base-Stoer Group unconfor-
mity by at least 1500 m (British Geological
Survey 1999; Park 2002). In the east, the
Loch Maree Fault cuts through the entire
Moine Thrust Belt and thus must have also
experienced post-Caledonian movement. The

Loch Maree Fault is coincident with the SE
boundary of the Kinlochewe Thrust Sheet com-
prising a thick sheet of Lewisian Gneiss with
minor Torridon Group rocks. It forms the NW
boundary of the Achnashellach Culmination,
which is characterized by medium-thick
skinned thrusting involving abundant Torridon
Group rocks and minor basement slivers
(Butler et al. 2007). The thickness of Torridon
sandstone in the Achnaschellach thrust sheets
is considerably more than in the Kinlochewe
Thrust Sheet (Butler et al. 2007).

7. The Torridon Shear Zone (also termed Diabaig
or Shieldaig Shear Zone) at Loch Torridon
(Wheeler et al. 1987; Wheeler 2007) lines up
to the SE with a change from the Achnashel-
lach Culmination in the north to (in the
south) thin-skinned thrusting of Cambro-
Ordovician strata at Loch Kishorn and the
Kishorn Nappe, with its massive basement
slice in Lochcarron and even larger Lochalsh
fold-nappe (e.g. Coward & Potts 1985).
However, neither the Sole Thrust nor the base-
Cambrian unconformity are displaced in this
area, suggesting lack of Palaeozoic or later
reactivation along this shear zone.

8. The Oykel Tranverse Zone is a major transverse
zone in the ductile Moine Nappe, above the
Moine Thrust, to the SE of the Assynt Culmina-
tion, (Leslie et al. 2010). In part due to the thick
uniform nature of the Morar group rocks, thrust
sheets are thicker and the whole process works
on a larger scale. Regional gravity data model-
ling have been used to argue that the Oykel
Transverse Zone was generated above an
underlying ramp in the basement-cover inter-
face (Leslie et al. 2010). This ramp is inter-
preted as the result of re-activation of a
WNW–ESE trending sub-vertical basement
shear zone, possibly the Canisp Shear Zone.

Overall, it is clear that the lateral variations in
thrust architecture along the length of the Moine
Thrust Belt are strongly influenced by the existence
of Proterozoic shear zones, and the brittle faults that
commonly developed along these shear zones.
These shear or fault zones trend WNW–ESE to
NW–SE, and were thus aligned at small angles
(10–158) to the thrust transport direction (towards
c. 2908). Some faults cut through the entire thrust
belt (Loch Maree Fault); other faults appear not to
have displaced the base-Cambrian unconformity
(Laxford Shear Zone, Torridon Shear Zone; see
scenario depicted in Fig. 9b), but still appear
to mark lateral changes in thrust geometry,
others have little influence. These different relation-
ships depend probably upon whether or not the
causal structures experienced Neoproterozoic or
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Palaeozoic (brittle) reactivation, displacing the
Torridon or Cambro-Ordovician sequence. It is
probable that many of the NW–SE shear zones
were reactivated during Iapetan rifting as transfer
or strike-slip faults, separating normal-fault blocks
(cf. Lister et al. 1986). Superficially, it appears
coincidental that such (rather distal) rift-related
transfer zones would be appropriately orientated
to become thrust-related transverse zones, several
hundred million years later. However, if continental
collision and related thrusting is approximately
frontal with respect to the older rifted, passive
margin it deforms, than such ‘coincidences’ may
become the rule rather than the exception, as also
argued in the Appalachians (Tull & Holm 2005).

Conclusion

The Traligill Tranverse Zone in the Assynt Culmina-
tion in the Moine Thrust Belt marks a pronounced
lateral change in thrust architecture. To the south,
thrusting is predominantly thin-skinned and
involved mainly cover strata whilst to the north
few, but thick-skinned, thrusts sheets were gener-
ated, each typically containing thick basement
slivers. This northern domain also was thrust
farther onto the Foreland. While some individual
thrusts can be linked, there is extensive interfinger-
ing of thrusts across the transverse zone. A large
oblique anticlinal stack occurs. The transverse
zone overlies a pre-existing fault (Loch Assynt
Fault), orientated at small angles to the thrust trans-
port direction. Piercing-point analysis shows this
fault records pre-thrusting as well as syn- to post-
thrusting displacement. The pre-thrusting faulting
caused a step in the basement and cover strata of
about 100 m. The resultant transverse zone is
much larger in scale than the original step; this
enhancement was probably caused by oblique, trans-
pressional thrust stacking. The study shows that
relatively small disturbances in the pre-thrusting
template can lead to significant lateral variations in
thrust geometry. A number of shear zones with
similar trends are related to other lateral variations
along the length of the Moine Thrust Belt.

C. Rix is thanked for providing great accommodation in
the middle of Assynt. D. Schofield, I. Alsop, T. Needham
and R. Holdsworth are thanked for constructive reviews
of the manuscript at various stages of development. This
article is published with the permission of the Executive
Director of British Geological Survey.

References

ALLISON, I., MAY, F. & STRACHAN, R. 1988. An Excur-
sion Guide to the Moine Geology of the Scottish High-
lands. Scottish Academic Press, Edinburgh.

ALSOP, G. I. & HOLDSWORTH, R. E. 2004. Shear zone
folds; records of flow perturbation or structural inheri-
tance? In: ALSOP, G. I., HOLDSWORTH, R. E.,
MCCAFFREY, K. J. W. & HAND, M. (eds) Flow Pro-
cesses in Faults and Shear Zones. Geological Society,
London, Special Publications, 224, 177–199.

ARMSTRONG, H., RAINE, R. & SMITH, M. P. 2006.
Iapetus – From coast to coast. ICOS 2006 post-
conference field trip. University of Birmingham,
Birmingham.

ATTFIELD, P. 1987. The structural history of the Canisp
Shear Zone. In: PARK, R. G. & TARNEY, J. (eds)
Evolution of the Lewisian and Comparable Precam-
brian High Grade Terrains. Geological Society,
London, Special Publications, 27, 165–173.

BAILEY, E. B. 1935. The Glencoul Nappe and the Assynt
Culmination. Geological Magazine, 72, 151–165.

BARR, D., HOLDSWORTH, R. E. & ROBERTS, A. M.
1986. Caledonian ductile thrusting in a Precambrian
metamorphic complex: the Moine of NW Scotland.
Bulletin of the Geological Society of America, 97,
754–764.

BEACH, A., COWARD, M. P. & GRAHAM, R. H. 1974.
An interpretation of the structural evolution of the
Laxford front. Scottish Journal of Geology, 9,
297–308.

BEACOM, L. E., HOLDSWORTH, R. E., MCCAFFREY,
K. J. W. & ANDERSON, T. B. 2001. A quantitative
study of the influence of pre-existing compositional
and fabric heterogeneities upon fracture-zone develop-
ment during basement reactivation. In: HOLDSWORTH,
R. E., STRACHAN, R. A., MACGLOUGHLIN, J. F. &
KNIPE, R. J. (eds) The Nature and Significance of
Fault Zone Weakening. Geological Society, London,
Special Publications, 186, 195–211.
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Abstract: Sharp lateral changes in structural geometry of ductile thrust stacks are not widely
reported. A regional-scale lateral culmination wall forms the southern boundary of the Cassley
Culmination in Moine rocks in the Caledonides of Sutherland, Northern Scotland. This culmination
wall is part of the Oykel Transverse Zone (OTZ), a kilometre-scale shear zone characterized by
constrictional finite strain fabrics aligned sub-parallel to the regional WNW-directed thrust trans-
port direction. Main phase folds and fabrics in the transverse zone hanging wall are folded by main
phase folds and fabrics in the footwall, thus recording foreland-propagating ductile deformation.
South of the Cassley Culmination, shortening occurred uniformly, without development of discrete
subsidiary thrusts; distributed deformation (fold development) alternated with localized thrusting
within the culmination. The classic ESE-plunging mullions at Oykel Bridge are an integral part of
the OTZ and were generated by constriction aligned sub-parallel to the transport direction. Con-
striction is attributed to differential, transtensional movement across the OTZ during culmination
development. Subsequent formation of the underlying Assynt Culmination further accentuated
upward-bulging of the Cassley Culmination, amplifying the lateral change across the transverse
zone. The OTZ aligns with a pronounced gravity gradient on the south-western side of the Lairg
gravity low. Interpretive modelling relates this gradient to a buried basement ramp that possibly
controlled the location of the transverse zone.

The structural geometries of fold-and-thrust belts
commonly show significant lateral variation, often
related to the development of duplexes and associ-
ated culmination structures (e.g. Elliott & Johnson
1980; Boyer & Elliott 1982; Butler 1987; Butler
et al. 2007). Sharp lateral changes occur across
transverse zones, which can comprise lateral culmi-
nation walls, strike-slip faults, and other structures
that link thrusts laterally (Thomas 1990). Transverse
zones in thrust systems are commonly understood to
be coincident with, and caused by, deeper seated
pre-existing structural features, such as faults that
displace the basement-cover interface (Thomas
1990; Paulsen & Marshak 1999). Such lateral dis-
continuities, and their associated transverse zones,
are mainly documented in the brittle, thin-skinned
parts of fold-and-thrust belts (e.g. Paulsen &
Marshak 1999; Krabbendam & Leslie 2010). In
this paper, we describe a regional-scale ductile
transverse zone developed in association with a
ductile thrust stack in Moine rocks now arranged
structurally above the more brittle or brittle-ductile
structures of the classic Moine Thrust Belt in NW

Scotland (Fig. 1). This Oykel Transverse Zone
(OTZ) comprises a large-scale lateral culmination
wall, marking the southern termination of a
number of separate thrust sheets. The Cassley Cul-
mination comprises a bulge at the southern limit
of these thrust sheets and lies structurally above
the brittle Assynt Culmination (Figs 1 & 2).

The OTZ is marked by a c. 5 km wide and
c. 20 km long panel of SW-dipping, highly
deformed lithologies, striking broadly perpendicu-
lar to the overall trend of the thrust front, but
approximately parallel to the overall transport
direction (Fig. 2). The OTZ contains the classical
Oykel Bridge mullion structures (Wilson 1953),
and here we seek to link the development of these
mullions to the kinematic evolution of the OTZ.
Furthermore, the OTZ is coincident with the SW
margin of the ‘Lairg low’ in the regional gravity
field, one of the most conspicuous gravitational fea-
tures in the northern Highlands. In this paper we
present new gravity modelling which implies that
the location of the OTZ was strongly influenced
by a prominent buried ramp, or series of steps, in

From: LAW, R. D., BUTLER, R. W. H., HOLDSWORTH, R. E., KRABBENDAM, M. & STRACHAN, R. A. (eds) Continental
Tectonics and Mountain Building: The Legacy of Peach and Horne. Geological Society, London, Special Publications,
335, 359–381. DOI: 10.1144/SP335.17 0305-8719/10/$15.00 # The Geological Society of London 2010.



Fig. 1. Geological map of the Northern Highlands, after British Geological Survey original. Abbreviations: AT,
Achness Thrust; BHT, Ben Hope Thrust; MT, Moine Thrust; NT, Naver Thrust; SBT, Sgurr Beag Thrust. Inset shows
location of Figure 2.
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(c)

Fig. 2. (a) Geological map of the Cassley Culmination. (b) Schematic cross section A–A0 through the Ben Hee area,
NW-vergent structure. (c) Schematic cross-section B–B0 through the Glen Cassley area, SW-vergent structure.
BHA, Ben Hee Anticline; CA, Cassley Anticline; LSA, Loch Shin Anticline; LFS, Loch Fiag Syncline.
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the basement/cover interface. We propose a kin-
ematic model for the OTZ that links development
of the architecture of the OTZ, and of the Moine
Nappe and the Cassley Culmination, with the com-
partmentalization of structure in the underlying
Moine Thrust Belt in Assynt (Krabbendam &
Leslie 2010).

Geological setting

Baltica-Laurentia collision during the Scandian
(Silurian) phase of the Caledonian Orogeny is
expressed in the northern Highlands of Scotland as
a crustal-scale WNW-vergent fold-and-thrust belt.
In northern Scotland, this Caledonian deformation
culminated in development of the Moine Thrust
Belt; this classic and well-studied belt defines the
external part of the Caledonian Orogen. The
Moine Thrust Belt records predominantly brittle,
overall WNW-directed, thin-skinned thrust trans-
port estimated of the order of 50–80 km (e.g.
Lapworth 1885; Peach et al. 1907; Soper &
Wilkinson 1975; Elliott & Johnson 1980; McClay
& Coward 1981; Butler 1982; Butler et al. 2007;
Krabbendam & Leslie 2010). The Moine Thrust
defines the base of the Moine Nappe sensu lato
(British Geological Survey 1997, 2002) and marks
the boundary between the external and internal
parts of the Caledonian Orogen in northern Scotland
(Fig. 1). In Sutherland, in the more internal parts, the
Naver Thrust defines the base of the overlying
Naver Nappe; farther south the Sgurr Beag Thrust
occupies a similar structural level at the base of
the Sgurr Beag Nappe. Deformation within this
internal part of the belt is thick-skinned and
ductile, and generally occurred under greenschist-
to amphibolite-facies metamorphic conditions (see
Strachan et al. 2002 for overview).

The early Neoproterozoic metasedimentary
rocks of the Moine Supergroup dominate the
geology of the Northern Highlands. These Moine
rocks are interfolded and intersliced with late
Archaean ‘Lewisianoid’ orthogneisses regarded as
fragments of the basement onto which the Moine
sedimentary protoliths were deposited unconform-
ably (Ramsay 1957; Holdsworth 1989; Holdsworth
et al. 1994, 2001; Friend et al. 2008). Though dis-
rupted by a number of ductile thrusts (Barr et al.
1986; Holdsworth 1989), the Moine Supergroup
has been divided into three groups, the structurally
and stratigraphically lowest of which is the Morar
Group (Johnstone et al. 1969; Soper et al. 1998;
Fig. 1). The younger Glenfinnan and Loch Eil
groups mainly occur structurally above the ductile
Sgurr Beag Thrust (Holdsworth et al. 1994;
Strachan et al. 2002). Relevant here, is that along
its entire 200 km length, the hanging wall of the
Moine Thrust (i.e. the Moine Nappe sensu lato) is

composed only of Morar Group rocks or their
associated basement gneisses.

The Morar Group was originally deposited as
several kilometres thick package of siliciclastic
strata and now occurs as dominantly psammitic
rocks with subsidiary layers of pelite and semipelite.
Sedimentary structures are commonly (but not ubi-
quitously) deformed, obscured or obliterated by
regional metamorphism, especially in pelitic and
semipelitic lithologies. North of Glen Oykel
(Fig. 2), the Morar Group stratigraphy is dominated
by the Altnaharra Formation and composed of rather
uniform psammite with subsidiary layers of pelitic,
semipelitic and pebbly rocks. Bed thickness typi-
cally varies from 20 cm to over 300 cm and sedi-
mentary structures such as cross-bedding, nested
cross-beds and soft-sediment deformation are
common and suggest deposition in a braid-plain
fluvial setting. An original stratigraphical thickness
in excess of 3 km can be demonstrated and a corre-
lation with the Torridon Group in the foreland has
been suggested (Krabbendam et al. 2008).

Timing of events

The present-day disposition of rocks in the Northern
Highlands is that of a foreland-propagating fold-
and-thrust-belt system (Barr et al. 1986; Holdsworth
et al. 2001, 2006, 2007), mainly the result of Cale-
donian (Scandian) orogenesis. However, the
Moine rocks have experienced a number of much-
debated tectonometamorphic events, namely an
extensional event at c. 870 Ma followed by Knoy-
dartian (820–740 Ma), Grampian (470–460 Ma)
and finally by Scandian (430–400 Ma) orogenic
events (see review in Strachan et al. 2002).

Movement along the Moine Thrust at the
western boundary of the Caledonian Orogen is
regarded as Silurian (Scandian) in age (van
Breemen et al. 1979; Johnson et al. 1985; Kelley
1988; Freeman et al. 1998; Dallmeyer et al. 2001).
Isotopic dating of syn-tectonic granites suggests
that Scandian deformation was also widespread
within the Moine and Naver nappes in Sutherland
(Kinny et al. 2003). Knoydartian tectonometa-
morphic ages have been recorded mainly in the
south (van Breemen et al. 1974, 1978; Piasecki &
van Breemen 1983; Rogers et al. 1998; Vance
et al. 1998), where it is thought that the main move-
ment along the Sgurr Beag Thrust is Knoydartian
(Tanner & Evans 2003). Grampian effects are
most evident in east Sutherland and eastern
Inverness-shire (Kinny et al. 1999; Cutts et al.
2010). These regional variations in the intensity
and spatial extent of orogenic events mean that cor-
relation of structures is complex and problematical
(Hobbs et al. 1976; Forster & Lister 2008). For
example, ‘regional S2’ in the Morar Group of west
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Sutherland appears to be Silurian (Scandian) in age,
while ‘regional S2’ in the Glenfinnan and Loch Eil
groups appears to be Ordovician (Grampian) in
age (Rogers et al. 2001; Kinny et al. 2003; Cutts
et al. 2010). Further complexity is introduced
because any individual deformation event may
well be developed diachronously. In this paper we
will show that there is no such thing as a ‘regional
S2 fabric’ in the Cassley Culmination; we will
demonstrate that in Glen Oykel the dominant ‘S2’
in one nappe is clearly overprinted by the dominant
‘S2’ in a structurally lower (i.e. younger formed)
nappe in a foreland-propagating system.

The Cassley Culmination: overview

The structure of the central part of the Moine
outcrop has received little or no attention since the
rather cursory primary survey (Read et al. 1926).
The exception to this has been the studies of the
now classic mullion structures at Oykel Bridge
(Figs 3 & 4a) described by Clough (in Peach et al.
1912), Read et al. (1926) and Wilson (1953).

New mapping in connection with a British Geo-
logical Survey (BGS) resurvey of the region has
identified a structural culmination in the hanging
wall of the Moine Thrust and SE of the classic
Assynt Culmination; this structure is defined here
as the Cassley Culmination (Figs 1 & 2). The
Moine Thrust acts locally as the floor thrust to the
culmination and the Achness Thrust is regarded as
the roof thrust to the culmination; the Ben Hope
Thrust lies within the culmination, between the
Achness and Moine Thrusts (Figs 2 & 3). The trans-
port direction on each thrust is top-to-the-WNW,
parallel to a locally well-developed quartz mineral
and pebble elongation lineation. The Ben Hope
and Achness thrusts have broadly arcuate outcrop
traces and converge with the Moine Thrust at the
SE corner of the Assynt Culmination (point A on
Fig. 2), thus delineating the limit of the Cassley Cul-
mination in the south and SW (Figs 2 & 3).

The southern lateral termination (culmination
wall) of the Cassley Culmination is well-defined;
the hanging wall of the Achness Thrust is marked
by a km-scale thick, strongly deformed, planar
zone of southward-dipping flaggy psammite
(Figs 2 & 3). This zone contains a prominent belt
of mullion structures which includes the classic
Oykel Bridge locality (Wilson 1953; Fig. 4a).
These mullions plunge SE, sub-parallel to the
regional transport direction. SW of Loch Shin, the
individual nappes comprise distinctive lithological
packages and structural geometries; each are
described in more detail below. The fabric over-
printing relationships in the vicinity of the
Achness Thrust demonstrate clearly that the age of

the dominant schistosity (‘S2’) is different in each
nappe. It is not appropriate therefore to simply
refer to an ‘S2’ without reference to the structural
domain in which that fabric has been recorded
(Hobbs et al. 1976; Forster & Lister 2008); ‘S2’
has no single meaning across the culmination.
Main phase fabric relations for the Cassley Culmi-
nation are summarized in Table 1, abbreviations in
this table are used throughout. Stereographic projec-
tions of representative structural data for each thrust
sheet are presented and summarized in Figure 5.

Structure and lithologies of the Achness

Nappe

The Achness Thrust forms the roof thrust to the
Cassley Culmination (Fig. 2). The trace of the
Achness Thrust is well constrained in the south,
less so in the east and north. At its type section at
the Achness Falls, the Achness Thrust dips c. 408
to 508 to the south (Fig. 6). North of the falls, and
structurally below the thrust, thick-bedded psammi-
tic rocks of the Ben Hope Nappe are folded by open
to close, north–south trending F2BH folds (Cassley
folds – see below); strata young overall to the
west or south. Cross-bedding, younging towards
the thrust, occurs as close as 50 m structurally
beneath the trace of the Achness Thrust. Closer to
the Achness Thrust, psammite becomes highly-
deformed and sub-mylonitic. The Achness Thrust
marks the contact between these psammites and a
sheet of mylonitic Lewisianoid basement gneiss,
c. 200 m thick (Fig. 6). The gneiss is bounded to
the south by an intermittent layer of semipelitic
schist up to 20 m thick, overlain by psammite
which is locally gritty to pebbly. These units prob-
ably represent lowermost Morar Group strata occur-
ring immediately above the inferred unconformity
with the basement gneiss. Some 250 m south of
this contact, cross-bedding youngs to the south,
away from the Achness Thrust.

The Achness Thrust has not been studied in
detail east and north of Achness Falls. Its location
may be marked by a series of Lewisianoid slivers,
associated with phyllonitic gneiss or psammite
(Peacock 1975) that occur in the east. It is thought
most likely that north of these inliers it trends north-
westward across the poorly exposed ground south of
Loch Shin, to link with the Ben Hope Thrust in the
vicinity of Loch Merkland (Fig. 2). According to
this interpretation, the Airde of Shin basement inlier
lies in the hanging wall of the Achness Thrust
(Fig. 2). This inlier occurs in the core of a major
tight anticline (the Loch Shin Anticline, LSA on
Fig. 2). In contrast to the rather cylindrical F2BH/AC

folds observed elsewhere across the Cassley Culmi-
nation, the Loch Shin Anticline is a curvilinear
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Fig. 3. Detailed geological map of the Oykel Transverse Zone, after British Geological Survey original. Positions of Figures 6–8 are indicated. British National Grid in
100 km squares NC, NH.

A
.

G
.

L
E

S
L

IE
E

T
A

L
.

3
6
4



non-cylindrical fold, which, at Airde of Shin is
locally sideways-closing and inferred to plunge to
the ESE, parallel to the regional L2 stretching and
mineral lineation (Strachan & Holdsworth 1988).
The Loch Shin Anticline is tentatively correlated
with the gently-plunging, cylindroidal Ben Hee
Anticline farther north (Fig. 2; and see Alsop et al.
2010). An alternative interpretation is that the
Achness Thrust links with the Dherue Thrust
c. 30 km north of Loch Shin (Fig. 2). This solution
cannot be precluded completely given the sparse
exposure around Loch Shin, but is thought here to
be less likely.

No Lewisianoid inliers occur in the hanging wall
of the Achness Thrust towards the west, and within
the lateral termination of the Cassley Culmination;
psammite is emplaced on psammite (Figs 3 & 6).
However, the character of the psammite on either
side is quite different. The psammite structurally
below the Achness Thrust (i.e. in the Ben Hope
Nappe) is generally thick-bedded and massive.
Fabric development is poor and related to the west-
vergent km-scale ‘Cassley Folds’ (F2BH); in many
outcrops the fabric is at high angles to bedding

(Fig. 5, and see Ben Hope Nappe section below).
Only a small distance below the thrust (c. 100–
200 m), the strike of the strata, and of the ‘Cassley
Folds’, is at a high angle to the trace of the
Achness Thrust (Figs 6 & 7). In contrast, to the
south and structurally above the Achness Thrust,
psammite strata are thin-bedded (possibly caused
by deformation, see below), with a well-developed
bedding-parallel biotite-defined foliation S2AC,
(Table 1); both S0 and S2AC are sub-parallel to the
Achness Thrust, that is, c. east–west striking and
south-dipping at 30–508 (Fig. 5). Using these cri-
teria, the Achness Thrust can be traced from the
Achness Falls, via the Tutim Burn to the Allt
Rugaidh Bheag section (Fig. 7). Farther west, inter-
mittent exposure suggests that the Achness Thrust
joins the Moine Thrust at point A on Figure 2.

Structure and lithologies of the

Ben Hope Nappe

The Ben Hope Thrust is a strongly localized ductile
tectonic break that separates grey flaggy psammite
in its footwall from pale grey to white, commonly

Fig. 4. (a) Mullion structures in Altnaharra Formation psammitic rocks, Oykel Bridge [NC 386 009]. (BGS Photograph
P005824), rock outcrop is approximately 6 m high; (b) mullion structures in Altnaharra Formation psammitic rocks,
Knock Craggie [NC 326 055], BGS Photograph P 616663), pencil is 14 cm long; (c) well-preserved trough
cross-bedding in low strain, massive, thick-bedded psammitic rocks, Altnaharra Formation, Ben Hope Nappe, Carn
Mor, west of Glen Cassley [NC 408 045] (BGS Photograph P618129), map case is 32 cm wide; and (d) highly strained,
tabular bedded psammitic rocks, Altnaharra Formation, in the Achness Nappe/OTZ, River Conacher [NH 351 017]
(BGS Photograph P616618), outcrop is approximately 2.5 m high.
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siliceous, psammite with minor grey semipelite in
its hanging wall. Foliation is intense and subparallel
to the thrust in its immediate vicinity. In limited
exposure in Gleann na Muic (point C on Fig. 2)
the thrust is associated with siliceous mylonite and
in Glen Oykel with dark grey phyllonite c. 6 m
thick (point D on Fig. 2). This thrust can be traced
across the Cassley Culmination to connect with
the trace of the Ben Hope Thrust farther north
(Alsop et al. 2010) and south to its termination
downwards against the Moine Thrust at the SE
corner of the Assynt Culmination (near point A on
Fig. 2).

The Ben Hope Nappe is dominated by thick-
bedded psammite with subsidiary layers of semi-
pelite. In low strain zones (highlighted on Fig. 2),
cross-bedding, channels, slump-folds and water
escape structures are locally well preserved (e.g.
Cheer 2006; Krabbendam et al. 2008, Fig. 4c);
overall, the strata young towards the west and the
succession is .3 km thick. The internal structure
of the Ben Hope Nappe is dominated by a stack of
kilometre-scale, west-facing and west-verging,
open to close folds, termed here the ‘Cassley
Folds’ (F2BH, Table 1; see also Alsop et al. 2010).
The low-strain zones referred to above typically

occur in the steep to vertical short limbs of these
large-scale folds (see Fig. 2b, c). The folds trend
roughly NNW–SSE (Fig. 5), have shallow plunging
axes and are sub-cylindrical over many kilometres.
The major Cassley Anticline marks a major
change eastward to moderately E-dipping strata in
the footwall of the Achness Thrust (CA on Fig. 2);
a well-developed planar schistosity is sub-parallel
to bedding in the eastern long limb of this structure.
In contrast, and in low strain areas on the steeply-
dipping short limb of the fold, psammitic rocks
typically show a complete lack of any tectonic
fabric; a planar schistosity (S2BH) and associated
lineation (L2BH) are locally present in gritty units.
A well-developed fabric is typically only observed
in semipelitic units (which become more prevalent
higher up in the sequence towards the west); this
is a variably intense crenulation fabric that
deforms an earlier bedding-parallel schistosity
(S1BH).

The chronology of fabric development in the
Ben Hope Nappe is readily determined in the Allt
Rugaidh Mhor stream section (Figs 3 & 7). Strata
young to the SW, decimetre-scale trough cross-
bedding is well-preserved locally. The western
1.5 km of the section is a steep limb to a major

Table 1. Summary of main phase structural fabric relationships in the Glen Oykel/Glen Cassley
area of the Cassley Culmination. The arrow tracks the foreland-propagating deformation history

Achness Nappe Ben Hope Nappe Moine Nappe north-west
(below Ben Hope Nappe)

Regional
event

Early bedding
parallel fabric

S1 AC ??

Main phase: 
– Flaggy fabric + 

biotite fabric
– Einig Folds
– Intersection 

lineation (S0/S2 AC)

S2 AC

F2 AC

L2 AC

Early bedding
parallel fabric

(in semipelite only)

 Relationship to 
S1 AC/S2 AC unclear

S1 BH Achness 
Phase

(Steepening/rotation
of above structures)

Mullions

F3 AC

LM

Main phase: 
– Biotite fabric
– Cassley Folds
– Crenulation in 

semipelite
– Intersection 

lineation (S0/S2 BH)

Mullions

S2 BH

F2 BH

L2 BH

LM

Early bedding 
parallel fabric??

Ben 
Hope 
Phase

Later phase
– weak superimposed 

crenulation oblique to 
mullions (S4 AC)

Later phase
– localized intense 

crenulation in semipelite 
(S3 BH)

Main phase: –
planar flaggy 
biotite fabric
(intensifies 
downward to)
Moine Mylonite 
fabric
Quartz-stretching 
lineation

SM

SmylM

LqtzM

Moine 
Thrust 
North 
Phase

A. G. LESLIE ET AL.366



Fig. 5. Stereographic projections of representative structural data from the thrust sheets in the Cassley Culmination.
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Fig. 6. Geological map of the Achness Thrust at Achness Falls, after British Geological Survey original. Grid in NC
square of British National Grid. For location see Figure 3.

Fig. 7. Geological map of the Allt Rugaidh area, after British Geological Survey original. Grid in NC square of British
National Grid. For location see Figure 3.
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anticline trace at point D on Figure 7. East of this
point the rocks are arranged in a ‘staircase’ of
SW-vergent decametre-scale folds (F2BH), with
gently-dipping limbs and short, steep SW-dipping
limbs. Axial surfaces are gently NE-dipping and
axes plunge gently to the SE. These are typical of
these Cassley folds in the Ben Hope Nappe.

The steeply dipping psammitic rocks in the
western part of this section consistently show a well-
developed sub-horizontal grain-shape fabric S2BH

(quartzþ feldsparþmica) at high angle to S0 in
places and parallel to the axial surfaces of the
F2BH folds. An intersection lineation (L2BH) is well-
developed on S0. Where mullions are developed
close to the confluence with the Oykel River, and
at An Stuc and Knock Craggie (Figs 2, 3 & 4b),
they are seen to be always parallel to the S0/S2BH

intersection lineation at outcrop (see also section
on Mullions).

A S1BH (bedding sub-parallel) planar schistosity
is observed locally in cm-thick semipelite layers;
this is strongly crenulated by a mica-defined S2BH,
which is continuous with S2BH shape fabric in the
adjacent psammite. In metre-scale layers of semipe-
lite, an intense mica-defined crenulation fabric
(S3BH) locally overprints and transposes the earlier
gently-inclined S2BH fabric into a new steeply-
dipping, spaced anastomosing muscovite-biotite
schistosity. Relicts of the older S2BH planar schistos-
ity are preserved in S3BH microlithons. This super-
imposed fabric has only been observed in the short
steeply-dipping limbs of the SW-vergent F2BH

folds suggesting that orientation and scale of the
incompetent layer is critical.

Structure and lithologies of the Moine

Nappe (sensu stricto)

Moine rocks between the Moine and Ben Hope
thrusts in Glen Oykel and Gleann na Muic (Fig. 2)
comprise alternations of dark, to mid-grey micac-
eous psammite layers (5–10 cm thick, only rarely
as much as 20 cm thick) and subsidiary 2–5 cm
thick layers of dark grey semipelite. Bedding
locally appears to be right-way-up and the lack of
any large-scale folding suggests that the succession
is grossly right-way-up and c. 2 km thick in Gleann
na Muic (Fig. 2), thinning south-westward to
approximately 1 km in upper Glen Oykel. Farther
to the south, the nappe terminates at the southeast
corner of the Assynt culmination, (see Figs 2 & 3).

Local preservation of sedimentary grading
suggests that this lithology may have originated as
thinly-bedded layers of sandstone to siltstone. In
the absence of reliable strain markers it is presently
uncertain whether this layering is an original
feature, or a result of subsequent strain – or a

combination thereof. In sharp contrast, abundant
large-scale cross-bedding in Morar Group rocks
occurring at the same broad structural level north
of Loch Shin (Fig. 2, Krabbendam et al. 2008)
implies either rapid lateral facies changes or dra-
matic variations in ductile strain.

In the Moine Nappe in Glen Oykel, a penetrative
planar to weakly anastomosing foliation (SM,
Table 1) is defined by alignment of biotite and mus-
covite sub-parallel to lithological layering. No
earlier tectonic fabric has been definitely observed
in these rocks. The geometry of the S0/SM relation-
ship is consistently west-vergent; a faint quartz
mineral lineation (LM) plunges to the ESE on SM

surfaces (Figs 3 & 5). In upper Glen Oykel, a tran-
sition from the ‘graded’ metasandstones with well
developed planar SM into splintery quartzofelds-
pathic mylonite (with SmylM) occurs structurally
downwards towards the Moine Thrust. A c. 100–
200 m thick layer of psammitic mylonite occurs in
the immediate hanging wall of the Moine Thrust.
Within these mylonites, stretching lineations, and
the axes of tight to isoclinal minor folds (often
doubly closing) of the mylonitic foliation, plunge
ESE. The mylonites are underlain by the Moine
Thrust.

Relationship between fabric development

and folding in different nappes

In the Allt Rugaidh Bheag section (Fig. 7), the
flaggy bedding and bedding–parallel foliation
structurally above the Achness Thrust is folded by
open to close NNW–SSE trending folds (F3AC).
These folds can be traced north and structurally
below the Achness Thrust, into the Ben Hope
Nappe as the ‘Cassley Folds’. In other words, the
dominant structures in the structurally lower Ben
Hope Nappe (F2BH ‘Cassley Folds’) fold the
Achness Thrust and the penetrative S2AC fabric in
the structurally higher Achness Nappe (cf.
Table 1). This critical and consistent observation
shows that the dominant deformation below the
Achness Thrust postdates and overprints the pen-
etrative fabric its hanging wall. The Cassley Anti-
cline may also have this general relationship,
folding the Achness Thrust in the SE corner of the
Cassley Culmination (Fig. 2).

Termination of the Cassley Culmination

The trace of the Achness Thrust defines the southern
limit to the Cassley Culmination. The hanging wall
of the Achness Thrust in Glen Oykel comprises
ESE-striking psammitic rocks which dip 30–608 to
the SSW (Figs 3 & 5). This panel is some 5–7 km
wide at outcrop and c. 20 km in length, traced from
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the Assynt Culmination to the Kyle of Sutherland
(Fig. 1). It forms the southern lateral culmination
wall of the Cassley Culmination. The strata in this
panel are generally thin-bedded and flaggy (5–
50 cm; Fig. 4d); massive thick-bedded (e.g.
.100 cm) strata, as seen in the Ben Hope Nappe,
are never observed. Right-way-up cross-bedding
has been observed locally and youngs south away
from the Achness Thrust (e.g. Figs 3 & 8). A fabric
defined by biotite (S2AC) is usually well-developed
and is commonly (sub)parallel to bedding; where
(small) angles exist between the biotite-defined
S2AC and bedding, the intersection lineation (L2AC)
plunges 10–308 to the SE (Fig. 5). Whilst it is
clear that the psammite in this domain has undergone
significant strain, it is difficult to estimate to what
extent the ‘flagginess’ is wholly or partially an
effect of thinning of an original thick-bedded
sequence, or whether the strata were originally
thinner-bedded than those at Glen Cassley.

The km-scale F2AC Einig fold pair forms a pro-
minent feature of this zone, aligned at a high angle
to the Cassley folds in the Ben Hope Nappe structu-
rally beneath (Figs 7 & 8). The major antiformal
hinge is located at the confluence of the rivers
Oykel and Einig (point E on Fig. 3), with the com-
plimentary synformal closure located at point F
(Fig. 3); the fold pair can be traced westwards to
Allt Tarsuin (point G on Fig. 3). The fold pair is
tight, asymmetrical, SSW-vergent and downward-
facing; fold axes plunge uniformly to the SE
(Fig. 8, cf. Figs 6 & 7). The biotite-defined S2AC

fabric is axial planar to the fold pair.

Mullions

The origin and tectonic significance of the mullion
structures at Oykel Bridge were controversial for
many years (Clough in Peach et al. 1912; Read
1931; Bailey 1935; Phillips 1937; Wilson 1953).
According to Clough, the mullions (or ‘rodding’)
were formed by ‘pressures from four sides in oppo-
site pairs, leaving constituents to squeeze out’ effec-
tively describing a constrictional strain ellipsoid. In
the Geological Survey memoir, Read et al. (1926)
thought that the mullions were formed by two separ-
ate deformation phases, the first being contraction in
a NE–SW direction, the second extension along a
NW–SE axis. The latter phase was clearly linked
to movement along the Moine Thrust; ‘the stretch-
ing is in harmony with the dip of the Moine
Thrust . . . and maybe regarded as an obvious
accompaniment of the thrust-movement towards
the northwest’.

Conspicuous columnar mullion structures are
spectacularly displayed in a 400 m long section
along the gorge of the River Oykel between the
new road bridge [NC 3855 0090] and Oykel Falls
[NC 3825 0115] (Figs 4a & 8 and see Wilson
1953). Although the mullions are best developed
and exposed near Oykel Bridge (on the northern
long limb of the Einig fold pair), our mapping has
shown that these features occur over a much wider
area stretching from Knock Craggie and Salachy
(Oykel River) in the NW to Langwell in the SE, in
a zone several km wide (Figs 2 & 3). Mullions
occur both in the Achness Nappe, and in the SW

Fig. 8. Geological map of the Oykel Bridge/River Einig area, after British Geological Survey original. Grid in NC
square of British National Grid. For location see Figure 3.
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corner of the Ben Hope Nappe, so that the ‘mullion
zone’ crosses the Achness Thrust near the conflu-
ence of Oykel River and the Allt Rugaidh Bheag
(Figs 3 & 7). In the Achness Nappe, mullions are
absent or only weakly developed on the inverted
NE–SW trending common limb of the Einig fold
pair. Mullions are also observed (albeit less well
developed) on the southern long limb of the Einig
fold pair. WNW-striking strata are clearly more sen-
sitive to mullion development than the NE–SW
striking strata. No mullions have been observed
below the Ben Hope Thrust.

The mullions are best developed in relatively
thick-bedded (2–50 cm) siliceous psammites. Of
all the mullion types originally described by
Wilson (1953), ‘fold mullions’ are best developed
and are, as stated here, concavo-convex in section.
The convex part is typically a decimetre-scale fold
closure. The outer surface is often formed by a
thin micaceous sheath and may be either concordant
or sharply discordant with the internal layering (see
Fig. 3 in Wilson 1953). However, (slightly
deformed) cross bedding may often be seen when
mullions are viewed down-plunge in profile, hence
the observed discordance of internal lamination
with the folded S0 surface. The mullions are
strongly linear and consistently SE-plunging
(1308N/408) along the entire ‘mullion zone’
(Figs 3 & 5). The very consistent orientations and
linearity of the mullions suggest a significant com-
ponent of SE-orientated stretching; however, it
appears that the complementary contraction was
limited, possibly less than 10–20%, to judge by
the geometry of preserved cross-bedding.

Relation of mullions and other structures

In terms of the relations between the mullions and
other structures, the following observations are
pertinent.

1. Within the Ben Hope Nappe, the mullions are
only developed in its extreme SW corner, for
example, in the lower parts of the Allt
Rugaidh Mhor section, along the Oykel River
near Salachy. Here the mullions (LM) are
invariably exactly parallel to the intersection
(L2BH) of the main fabric (S2BH) and S0 at
outcrop; this intersection lineation is related
to the main phase of folding within the Ben
Hope Nappe (F2BH ‘Cassley Folds’).

2. In the Achness Nappe, a well developed L2AC

mineral elongation alignment commonly lies
sub-parallel to the mullions (LM) and a weak
axial planar schistosity is associated with an
intersection lineation that likewise plunges
sub-parallel to the mullions. Where a micac-
eous sheath is developed, it also commonly

carries a weak superimposed S4AC crenulation
fabric, oblique to the mullion axis. There are
abundant examples of small and meso-scale
reclined, tight to open, asymmetrical F2AC

folds in the Oykel River gorge section,
mullion lineations are aligned approximately
parallel to these fold hinge lines and to the
larger scale Einig Folds fold pair (Fig. 8).

3. Locally however, (e.g. west of Oykel Bridge,
Fig. 8), a clear angle (308) can be seen
between the L2AC lineation and the mullions,
with the mullions (LM) folding the lineation.

4. The mullion zone crosses the Achness Thrust,
suggesting that mullion development post-
dated the formation of this thrust (Figs 3 & 7).

5. No mullions have been observed below the Ben
Hope Thrust.

All of the above suggest that the mullions overprint
and post-date the main deformation within the
Achness Nappe and the formation of the Achness
Thrust, but that mullion development was broadly
coeval with the formation of the ‘Cassley Folds’
within the Ben Hope Nappe. The absence of mul-
lions between the Moine Thrust and the Ben Hope
Thrust may be a rheological response to lithology;
alternatively, it is possible that mullion develop-
ment ceased after the development of the Ben
Hope Thrust (see discussion below).

Geophysical data: the Lairg gravity low

Examination of the regional gravity field in Suther-
land provides key insight into the sub-surface
structure beneath the Cassley Culmination. The
gravity field southeast of the Assynt culmination is
dominated by the Lairg gravity low (Fig. 9). The
centre of the low coincides approximately with the
location of the Caledonian Grudie Granite Pluton
(see Figs 1 & 9) and from there Bouguer gravity
anomaly values increase linearly northwestwards
to the outcrop of the Moine Thrust. The SW
margin of the low is defined by a clear gravity linea-
ment which extends southeastwards from the Oykel
Bridge area towards the Kyle of Sutherland. North
of Loch Shin the north-eastern side of the Lairg
low crosses the area underlain by the Naver
Thrust. In the NNW, the anomaly merges with a
NW-trending gravity low centred over Laxfordian
granitic rocks on the northern side of the Laxford
Shear Zone (‘Ben Stack Line’, Bott et al. 1972,
see Fig. 1).

Hipkin & Hussain (1983) ruled out the possi-
bility that the Lairg gravity low is caused by a con-
cealed Caledonian granite on the basis of its shape,
which is quite distinct from that of the anomalies
observed over other granites of this age, and the
fact that a magnetic anomaly associated with the
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Grudie Granite has only a limited areal extent.
Citing continuity with the gravity feature to the
NNW, Hipkin & Hussain (1983) postulated that
the Lairg gravity low may be explained by an exten-
sion of the low density Laxfordian rocks beneath
the exposed Moine sequence. Butler & Coward
(1984) preferred an interpretation involving thick-
ening of the Moine rocks around Lairg linked to
the transfer of sheets of Lewisian basement to the
Assynt area. The modelling of BGS (unpublished
data) also invokes a thickening of the Moine
sequence. Further modelling described below inves-
tigates the source of the Lairg gravity low, and the
implications of the relationship between its southern
margin and the OTZ.

Rock densities

The estimated average density of the psammitic
rocks of the Morar Group exposed within the
study area is 2.65 Mg m3, based on laboratory
measurements on 59 samples (BGS, unpublished
data). There are no determinations of the density of
the pelitic rocks in the study area and relatively
few elsewhere in the Northern Highlands. A clear
correlation between local gravity highs and pelitic
outcrops indicates that the latter have a higher
density than the psammitic rocks (Hipkin &
Hussain 1983); an average density of 2.75 Mg m3

has been assumed for the present modelling, based
on the limited samples available. Bott et al. (1972)

Fig. 9. Bouguer gravity anomaly map of the Lairg area, based on gravity stations with an average distribution of 1 per
3 km2. Contours at 2 mGal intervals are superimposed on a shaded image with vertical illumination and equal-area
colour. Variable Bouguer reduction density according to surface geology. The large negative feature in the centre of the
map is the Lairg gravity low. Heavy black lines are model profiles (1 and 2, see Fig. 10). Main thrusts (annotated in small
map): AT, Achness Thrust; BHT, Ben Hope Thrust; MT, Moine Thrust; NT, Naver Thrust; SBT, Sgurr Beag Thrust.
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detected density variations within the exposed
Lewisian basement in the vicinity of the Laxford
Shear Zone but adopted a ‘background’ value of
2.78 Mg m3 in the Assynt area, a value which has
also been assumed in the modelling described here.

Gravity modelling

Models have been constructed along two profiles
across the Lairg gravity low (Figs 9 & 10). Profile
1 trends NW–SE and provides the clearest insights
into the cause of the low while the NE–SW orien-
tated profile 2 investigates the gravity gradient on
its southwestern side and its relationship with the
OTZ. The modelling employed 2.5-dimensional

methods in which geological units are represented
by bodies with constant polygonal cross-section
and finite strike extent. A general northward and
westward increase in the regional gravity field has
been removed prior to modelling local structure. A
background field was assumed which increases
westwards from 4 mGal to 24 mGal along profile
1 and northwards from 11 mGal to 22 mGal on
line 2. This field is not well-constrained and is a sig-
nificant source of uncertainty in the modelling.

Along profile 1, the gravity field decreases line-
arly south-eastwards from the outcrop of the Moine
Thrust (Fig. 10). The gradient is reproduced by the
thickening of relatively low density Morar Group
rocks above this thrust without the need to invoke

Fig. 10. Gravity models along profiles 1 and 2 (for locations see Fig. 9). Numbers in the legend are model densities in
Mg m3. A simplified structural profile for the Cassley Culmination is superimposed upon the model for profile 2, (cf.
Fig. 11). Abbreviations: AT, Achness Thrust; BHT, Ben Hope Thrust; MT, Moine Thrust; SBT, Sgurr Beag Thrust.
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density variations within the underlying basement.
The Grudie Granite (see Fig. 1) makes a small con-
tribution to the gravity low in its central part, as a
slight steepening of the gravity gradients around
the granite is more readily explained by the density
contrast between it and its host rocks than by fea-
tures at basement depth. Limited sampling does
indicate such a contrast, at least with the monzogra-
nite component of the intrusion (BGS unpublished
data). The Migdale Granite Pluton (see Fig. 1) has
a very small gravity effect, implying a limited
depth extent and/or a density similar to that of the

surrounding Moine rocks. As there is no evidence
for an increase in density of Morar Group rocks
between the Grudie and Migdale granites, the south-
eastward rise in gravity field in this area is attributed
to a relatively thick wedge (or wedges) of Lewisian
basement above the Achness Thrust. The mapped
Lewisian inliers are compatible with such an
interpretation (Figs 2 & 10). The steepening gra-
vity gradient SE of the Migdale Granite Pluton is
attributed to a combination of shallow basement
and the presence of relatively dense pelitic rocks of
the Glenfinnan Group above the Sgurr Beag Thrust.

Fig. 11. Structural evolution sequence for the Cassley Culmination – starting with the oldest ‘Achness Phase’ at the
top, concluding with the youngest ‘Assynt Phase’ at the bottom. Sections in the left-hand column look down the regional
transport direction to the SE, that is, down-plunge on the mineral/stretching/mullion lineation. Sections in the
right-hand column are constructed parallel to the transport direction.
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The model for profile 1 suggests that 5–6 km of
Moine rocks are present beneath the centre of the
Lairg gravity low, and this was used as the starting
point for modelling the depth to basement beneath
profile 2 (Fig. 10). The northern end of this model
is schematic; migmatitic Moine rocks with a rela-
tively high density are present at surface, but the
proportion of such rocks and the overall Moine
thickness are poorly constrained. A distinct
southward thickening of the Morar Group psam-
mites has been modelled between kilometre 20
and 30 along this profile. This segment spans the
Loch Shin Line (Watson 1984), which in turn lies
on the projection of the Laxford Shear Zone
(Fig. 1), so may reflect the influence of a pre-
existing basement structure. There is, however, no
obvious signature in the gravity profile to suggest
a discrete zone of low-density Laxfordian granite
in the basement.

The local gravity minimum associated with the
Grudie Granite Pluton lies between about kilometre
27 and 37 on profile 2, but the steep gravity gradient
that forms the SW margin of the more extensive
Lairg gravity low is centred at kilometre 50
(Fig. 10). This linear feature appears to be enhanced
by the near-surface density contrast between Moine
psammite the north and a more heterolithic
sequence to the south that includes the Vaich
Pelite Formation (Fig. 1). Outcrops of the Vaich
Pelite Formation can be correlated with residual
gravity highs and the amplitude of the gradient is
reduced where pelitic rocks are absent at surface
south of the lineament. It is, however, difficult to
explain all the gravity variation simply in terms of
lithological contrast within the Moine. The profile
2 model (Fig. 10) includes about 40% of pelitic
material at the southern end of the profile, which
even if an overestimate when compared with the
relative outcrop proportions, still requires an
overall thinning of the Moine rocks. Sensitivity
trials in which the proportion and density of pelitic
rocks in this sequence are varied between reason-
able bounds indicate that it is necessary for the
model to retain a significant southward shallowing
of the basement in this area. Comparison with the
structural architecture of the geological model
clearly shows that the southern termination of the
Cassley Culmination is positioned over the buried
basement ramp (or series of steps) indicated by the
geophysical model (Fig. 10, profile 2).

Discussion

The Oykel Transverse Zone

The contrast between the numerous branching
thrusts which make up the Cassley (ductile) and
Assynt (brittle-ductile) culminations and the

regions of folded, but not internally thrust, Moine
rocks SW of Strath Oykel delineates a mid-crustal
transfer zone, named here the Oykel Transverse
Zone. The pattern of thrusting observed here has
been reproduced in analogue modelling of trans-
verse zones in deforming thrust wedges (Liu Huiqi
et al. 1991; Malaveille et al. 1991; Calassou et al.
1993), in particular the observation that where base-
ment is vertically offset, lateral thrust ramps have
their roots in the basal discontinuity. These ramps
will then be steepened as thrusting continues to
excavate new thrust packages during foreland-
propagation (Thomas 1990; Calassou et al. 1993;
Paulsen & Marschak 1999). Similarly, as the
Cassley Culmination grew, the structurally higher,
older nappes were deformed in response to the
emergence, towards the WNW, of lower and
younger nappes.

Thomas (1990) reviewed potential pre-thrust
templates which might actively constrain the
location and generation of transverse zones during
thrusting. These include lateral facies and thickness
variations in stratigraphy as well as dislocations
across pre-, syn- and post-depositional fault displa-
cements. There seems to be no reason that the
location of the transverse zone would have been
determined by lateral variations within the Moine
rocks; no systematic change in lithological charac-
ter, lithostratigraphy or gross thickness of these
psammitic units occurs across the termination wall
which might control rheology and therefore
constrain the geometry and location of the develop-
ing culmination.

The geophysical modelling concludes that the
southwestern flank of the Lairg gravity low is gener-
ated largely as a response to an underlying basement
ramp. Steps in the basement-cover interface gener-
ated across reactivated basement shear zones have
also constrained the thrust architecture in the
interior of the Assynt Culmination at a much
smaller, more localized scale (Krabbendam &
Leslie 2010). These re-activated sub-vertical base-
ment shear zones have a long history of repeated
movement prior to deposition of the Cambro-
Ordovician succession on the Foreland (Beacom
et al. 2001), and post-deposition kilometre-scale
sinistral oblique displacements are known to have
disrupted the Cambro-Ordovician ‘layer-cake’
prior to the onset of thrusting (Soper & England
1995; Krabbendam & Leslie 2010). The regional
gravity data permits extrapolation of these impor-
tant structures beneath the Moine outcrop; the
OTZ aligns with the Strathan and Canisp Shear
zones in the foreland (Fig. 1). We suggest that the
basement ramp modelled at the SW margin of the
Lairg gravity low exerted the major controlling
influence over the development of the OTZ (albeit
at a larger scale).
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Growth of the Cassley Culmination

The Cassley Culmination developed within an
overall foreland-propagating deformation system.
Critically, the main deformation phase above and
associated with the Achness Thrust (Achness
Phase) pre-dated the main phase of deformation
below (Ben Hope Phase). These and other con-
straints are consistent with a structural evolution
model described below (a–g) and illustrated in
Figure 11. Foreland-propagating thrusting is also
documented within the Moine Nappe along strike
to the north in the Ben Hee area (Alsop et al.
2010) and in north Sutherland (Holdsworth 1989;
Alsop et al. 1996; Holdsworth et al. 2001, 2006,
2007; Alsop & Holdsworth 2007).

a) A pervasive LS fabric and associated
tight-to-isoclinal folds formed first within the
structurally highest Morar Group rocks in the
incipient Achness Nappe. The Loch Shin anti-
cline was associated with large-scale interfold-
ing of Moine rocks and Lewisianoid basement
gneisses. Some fold axes, including the Einig
fold pair, were progressively rotated into sub-
parallelism with the regional transport direction.
This deformation episode constitutes the
Achness Phase (Table 1, Fig. 11).

b) The earliest time slice in Figure 11 represents
focused (easy) slip on the Achness Thrust
plane which was associated with the interleav-
ing of thin slices of Lewisianoid basement
with the Moine cover.

c) As contraction continued, increased resistance
to translation on the Achness thrust effected
transfer of strain down into the footwall rocks.
WNW-vergent fold systems (the F2BH

‘Cassley Folds’) developed in the incipient
Ben Hope Nappe (Ben Hope Phase, Table 1).
The Achness Thrust and structurally overlying
folds were bulged up and folded in the develop-
ing Cassley Culmination. The Einig fold pair
tilted towards the present downward-facing
attitude and mullions begin to form in the OTZ
(see also below).

d) The Ben Hope Thrust then developed, and strain
became focused along that structure. A branch
line joining the Achness and Ben Hope thrusts
was orientated (sub)parallel to transport; the
Cassley Culmination and the OTZ became
more sharply defined. Uplift of the Achness
Nappe continued, but mullion development
may have become much less significant in
that panel.

e) In time, the above process repeated itself; trans-
lation stuck on the Ben Hope Thrust plane,
strain transferred downwards once again, this
time into the footwall of the Ben Hope Thrust,

and (north of Loch Shin only) a series of west-
vergent folds developed thus explaining the
greater cross-strike width of the Moine Nappe
s.s. in this region. Mullions formed in the Ben
Hope Nappe and mullions overprinted earlier
fabrics in the Achness Nappe/OTZ.

f) Major, smooth movement (up to 100 km?) on
the Moine Thrust throughout the region
occurred, but little localized uplift occurs with
the Cassley Culmination or within its termin-
ation wall. Development of the Moine Thrust
and the associated mylonitic rocks seems to be
broadly similar north and south of the OTZ, in
contrast to the earlier localization of strain in
the OTZ. Mullion development ceased in the
OTZ.

g) Strain was transferred farther down into the
footwall of the Moine Thrust and the Assynt
Culmination began to develop below the
Cassley Culmination, leading to further uplift
of that structure and further steepening of the
culmination wall. During this phase, uplift in
the hanging wall of the Assynt Culmination
also generated the swing in strike across Loch
Shin (Figs 1 & 2).

The evolution of the Cassley Culmination is thus
characterized by phases during which folding is
dominant, alternating with phases during which
thrusting is dominant, that is, deformation alternates
between distributed and localized modes. Strain
localization is generally associated with strain soft-
ening (e.g. Watts & Williams 1983; Bos & Spiers
2002), so this may also be seen as alternating
phases of hardening and softening strain. Even
assuming a constant overall convergence rate, it is
likely that locally differential strain rates developed;
a relatively fast strain rate when localization
occurred, a relatively slow strain rate when strain
was more distributed. We postulate here that the
Cassley Culmination did not, as a result, deform
with constant strain rate, but in alternating ‘slow’
and ‘fast’ phases, associated with folding and thrust-
ing respectively. In contrast, we suggest that the
Achness Nappe to south of the OTZ experienced
less strong strain rate changes and kept moving
northwestward in a more continuous fashion, with
smooth thrusting accommodated along the (proto-)
Moine Thrust (i.e. along the segment between
Knockan Crag and Ullapool, Fig. 1). This would
have resulted in phases of differential movement
along the OTZ – see below.

Origin of mullions and non-plane strain

The mullion fabric (LM) has a clearly constrictional
symmetry, characteristic of an overall prolate
(cigar-shaped) finite strain ellipsoid. The precise
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mechanism by which the mullions developed into
discrete, but interlocking, structures is not fully
understood. Soper (2009) suggests that inner-arc
space problems associated with the folding at
Oykel Bridge, combined with flexural slip on non-
parallel surfaces (bedding and cross-bedding) that
were deforming within a constrictional flow field,
led to the initiation of many small, roughly coaxial
folds with variably orientated axial surfaces, and
their eventual detachment to form the nested
mullion columns.

How might growth of the Cassley Culmination
have promoted the formation of mullions, and how
was constriction achieved? In the scenario outlined
above, there must have been periods of differential
movement along the OTZ; in periods of distributed
deformation when folds formed during ‘culmination
building’, the Ben Hope Nappe moving north-
westward at a slower rate than the Achness Nappe
south of the transverse zone. This would have pro-
duced an effective dextral shear-couple across the
culmination wall (Fig. 12). At times of localized
thrusting on both sides of the transverse zone, the
relative velocity of the separate nappes would be
negligible, and so no differential movement would
have occurred. Given development of a dextral
shear couple, any angle between the strike of the
culmination wall and the regional transport direc-
tion would result in either dextral transpression or
transtension, and hence to strong non-plane strain
development. From the gravity potential field data,
the OTZ has a strike of c. 3108N, whilst the regional
thrust transport direction was 2908N (McClay &
Coward 1981). In this case, transtension with a
high kinematic vorticity number (i.e. with a large
component of strike slip) would result (Fig. 12).

Transtension under such circumstances would
result in a prolate finite strain ellipse (constriction)
under most boundary conditions (Dewey et al.
1998 and references therein; Fossen & Tikoff
1998; see also Coward & Potts 1983), providing
a plausible explanation for the formation of the
mullions during culmination building.

Conclusion

We favour a model of punctuated movement during
development of the Cassley Culmination. Thrust
stacking in the Cassley Culmination built a ductile
critical-taper wedge in the Moine rocks (Davis
et al. 1983; Holdsworth 1989; Dahlen 1990;
Williams et al. 1994). When that Moine wedge
was sufficiently thickened to attain the critical
taper angle, a large-scale basal detachment or décol-
lement would be created (Williams et al. 1994), thus
generating the thick welt of mylonitic rocks which
are preserved in the hanging wall of the brittle
Moine Thrust. In this model, the localization and
intensification of deformation represented by the
mylonitic Moine rocks in the Moine Thrust Zone
would ‘switch off’ any further deformation in the
Cassley Culmination above the décollement. Any
further uplift in the Cassley Culmination would be
a response to the growth of the Assynt Culmination
beneath and may have been limited to further stee-
pening of the culmination wall and the strike-swing
observed across Loch Shin. Finally we note the
following.

† The Cassley Culmination is a regional-scale cul-
mination in the hanging wall of the Moine
Thrust, comprising a thick sequence of Morar

Fig. 12. Block model with mullion detail in inset, illustrating how a small angle between the regional transport direction
and the strike of the culmination wall can lead to local transtension. See text for further discussion.
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Group psammitic rocks and associated slivers of
basement gneiss. The Achness Thrust forms the
roof thrust to the culmination, the Ben Hope
Nappe lies within the culmination. The culmina-
tion is of similar scale to the classic Assynt Cul-
mination, structurally below in the brittle Moine
Thrust Belt.

† The OTZ defines the lateral southern termination
of the culmination and strikes approximately
parallel to the WNW-directed thrust transport
direction. The culmination wall comprises a
c. 5 km thick panel of sheared psammitic rock,
extending for c. 20 km from Assynt almost to
the Kyle of Sutherland. The classic mullions of
Oykel Bridge occur within the OTZ.

† The OTZ is coincident with the SE edge of the
regional-scale Lairg gravity low. That feature
is modelled as the signature of a pronounced
NE-inclined ramp in the depth to basement.

† The dominant fabric and associated folds in
the Ben Hope Nappe locally overprint the domi-
nant fabric and folds in the Achness Nappe and
the Achness Thrust itself; there is no single
regional dominant ‘S2’ fabric in the Moine
Nappe.

† The classic mullions of Oykel Bridge are more
widely distributed than previously thought and
occur in both the Achness and Ben Hope
Nappes. In the Ben Hope Thrust, the mullions
are parallel to the main intersection lineation; in
the Achness Nappe, the mullions overprint the
main fabric and intersection lineation, although
they commonly occur sub-parallel to the latter.

† A clear sequence of foreland-propagating thrust
development can be ascertained. The Achness
Nappe was the earliest to develop, with penetrat-
ive fabrics and tight folds in the hanging wall.
This Achness phase was followed by develop-
ment of folds below the Achness Nappe, but
only north of the OTZ. These folds thickened
the pile and uplifted the Achness Nappe north
of Glen Oykel and the OTZ was formed.
Mullion structures continued to develop at this
time, perhaps predominantly in the Ben Hope
Nappe. Subsequently, the Ben Hope Thrust
formed.

† This process repeated itself. Fabrics developed
in rocks lying in the footwall to the Ben Hope
Thrust. As strain passed into the Moine Nappe
below the Ben Hope Thrust, structural change
in the Ben Hope and Achness nappes was
limited to uplift and mullion development
ceased. The ductile Moine Thrust now devel-
oped north of the OTZ forming the floor of the
Cassley Culmination.

† Overall, thrust displacement was continually
smooth south of the OTZ, whilst to the north
intermittent thrust movement dominated, with

periods of distributed deformation during fold
development and thickening alternating with
displacement along thrusts.

† This contrast of quasi-continuous v. intermittent
fold-and-thrust movement resulted in periods of
differential, dextral strike-slip movement along
the OTZ. Given the observed small angle
between transport direction and strike of the
OTZ (c. 208, Fig. 12), resultant transtension
locally produced constriction, a plausible expla-
nation for the development of the classic mullion
structures observed at Oykel Bridge.

A. G. Leslie, M. Krabbendam and G. S. Kimbell publish
with the permission of the Director, British Geological
Survey. J. White and I. Alsop are acknowledged for con-
structive and helpful reviews of the previous version of
this manuscript.
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Abstract: The Moine Thrust zone of NW Scotland marks the Caledonian orogenic front and in the
Assynt region consists of several west-vergent major thrust sheets (Moine, Ben More, Glencoul
and Sole Thrust sheets) that place allochthonous rocks onto the Lewisian basement and Torridon
Group cover in the west. Here we present two new balanced and restored sections across the Moine
Thrust zone in the region of the Loch Ailsh and Loch Borralan alkali intrusions. Syenites and alka-
line pyroxenites intrude up to Durness Group carbonates. Syenites are interpreted as cut by the
Moine and Ben More Thrusts and therefore their intrusion age (c. 430 Ma) provides a maximum
age constraint on cessation of motion along the Moine Thrust. We review and discuss several con-
troversies, notably: (1) relationships between folding in the Ben More Thrust sheet (Sgonnan Mor
folds) and fabric development associated with intrusion of the Loch Ailsh pluton and initiation of
the Moine and Ben More Thrusts; (2) structural relationships around the Borralan intrusion, par-
ticularly the nature of its basal and lateral margins (intrusive or thrust-ramp); (3) the structural
relationships of the Cam Loch and Benn Fhuarain klippen; and (4) the timing of motion of all
thrust sheets in the southern Assynt culmination.

The Moine Thrust zone in NW Scotland has been
of fundamental importance in the interpretation of
thrust geometries, and the sequence and timing
of thrusting since the initial mapping of Peach and
Horne (1884, 1914) and Peach et al. (1888, 1891,
1907). Northern Scotland (Fig. 1) shows a section
across: (1) the western foreland region comprising
Archaean basement (Lewisian complex) uncon-
formably overlain by Neoproterozoic sedimentary
cover (Torridon Group) and Cambrian-Ordovician
shallow marine sedimentary rocks; (2) the Moine
Thrust zone; (3) Moine Supergroup metamorphic
rocks and granites in the Northern Highlands
terrane (c. 1000–873 Ma); together with (4) the
Dalradian Supergroup (,806 Ma) in the Central
Highlands terrane (e.g. Dewey & Shackleton
1984; Strachan et al. 2002). Rocks of the Moine
Supergroup are bounded to the west by the Moine
Thrust and to the SE by the Great Glen Fault. The
Moine Supergroup rocks have inliers of basement
that are probably correlative with the Lewisian base-
ment in the Hebridean terrane (Friend et al. 2008).

The Caledonian orogeny preserved in Scotland
started with obduction of the Ballantrae ophiolite
during the Early Ordovician (c. 478 + 8 Ma;
Oliver et al. 2000). Subsequent folding, thrusting
and crustal thickening led to two separate tectono-
metamorphic events in the Scottish Highlands, the
Grampian event (480–465 Ma) and the Scandian

event (435–425 Ma; Oliver et al. 2000; Strachan
et al. 2002; Strachan & Thigpen 2007). Oliver
et al. (2000) reported U–Pb zircon and Sm–Nd
garnet ages of 467 + 2.5 Ma from the type Barro-
vian garnet zone, and 472 + 2 Ma from the type
Barrovian kyanite zone in the Dalradian of the
Grampian Highlands. Within the Moine meta-
morphic terrane several thrust sheets have been
mapped and timing constraints appear to support a
foreland (westward) propagating thrust sequence
from the Skinsdale thrust down-section to the
Naver, Achness, Ben Hope and Moine Thrusts
(Johnson & Strachan 2006). Metamorphic grade
decreases towards the west, down-structural section
from migmatites in central Sutherland to garnet –
chlorite grade rocks above the Moine Thrust
(Fig. 2). Kinny et al. (1999) obtained a U–Pb
SHRIMP monazite age of 431 + 10 Ma from
upper amphibolite-grade gneiss of the Naver nappe,
interpreted as peak Scandian (Caledonian) meta-
morphism in the structurally higher thrust sheets.
Syn- to late-kinematic migmatites and granites were
emplaced during amphibolite facies metamorphism
during the period 429–420 Ma (Kinny et al. 2003).

The Moine Supergroup lying structurally above
the Moine Thrust comprises a sequence of arenac-
eous and argillaceous meta-sedimentary rocks of
Neoproterozoic age lying stratigraphically above
inliers of Lewisianoid gneiss (Strachan et al.

From: LAW, R. D., BUTLER, R. W. H., HOLDSWORTH, R. E., KRABBENDAM, M. & STRACHAN, R. A. (eds) Continental
Tectonics and Mountain Building: The Legacy of Peach and Horne. Geological Society, London, Special Publications,
335, 383–404. DOI: 10.1144/SP335.18 0305-8719/10/$15.00 # The Geological Society of London 2010.



2002). A few large Early-Silurian syenite bodies
intrude the Moine Supergroup (e.g. Loch Loyal sye-
nites) as well as the Moine Thrust zone (Loch Ailsh
and Borralan intrusions; see review by Parsons
1999). A U–Pb zircon age of 426 + 9 Ma was
obtained by Halliday et al. (1987) on the Cnoc nan

Cúilean intrusion, part of the Loch Loyal complex.
The structural relationships between the Loch
Ailsh and Borralan intrusions and the thrusts within
the Moine Thrust zone have been the subject of
much debate and here we review some of these
data and models.
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The foreland to the Caledonian Orogen of
northwest Scotland comprises the Archaean – mid-
Proterozoic Lewisian gneiss basement (tonalitic,
trondhjemitic, mafic and ultramafic gneisses intr-
uded by granodiorites and granites) overlain by up
to 6 km thickness of Late Proterozoic Torridon
Group sandstones. Unconformably overlying both
Lewisian and Torridon Group rocks are Cambrian-
Ordovician shallow marine sedimentary rocks
(Eriboll Formation basal quartzites and ‘Pipe
rock’, Fucoid beds, Salterella grits [Ardvreck
Group] and Durness Group carbonates (Peach
et al. 1907; see also review by Park et al. 2002).

The Moine Thrust zone forms the northwestern
margin of the Caledonian orogen in Scotland
(Fig. 1).

The first recognition of large-scale thrusting in
the NW Highlands of Scotland resulted from the
work of Nicol (1861) and Lapworth (1883, 1885a,
b) followed by the detailed Geological Survey of
Scotland mapping by Peach et al. (Peach & Horne
1884; Peach et al. 1888, 1891, 1907; see also
reviews by Butler 2004a, 2007). Also crucial was
the first recognition of intensely strained rocks
along the Moine Thrust at the Stack of Glencoul
(Callaway 1884) and the generally accepted mylo-
nite type locality near Loch Eriboll (Lapworth
1885b; see review by Law & Johnson 2010). The
original Geological Survey mappers defined the
major thrust sheets of the Moine Thrust zone in
the Assynt culmination including the Moine, Ben

More, Glencoul and Sole thrusts (Peach et al.
1907; Peach & Horne 1914; Geological Survey of
Great Britain [Scotland] 1923; see also review by
Butler 2007; Krabbendam & Leslie 2004). They
suggested an overstepping of higher thrusts with a
sequence of thrusting younging from Sole to Glen-
coul to Ben More to Moine Thrusts in the Assynt
area (but see discussion in Peach et al. 1907,
pp. 471–472). However, Cadell (1888) showed,
through early analogue experiments, that thrusts
would have been more likely to propagate from
the hinterland (east) towards the foreland (west)
with time (see review by Butler 2004a).

Almost exactly a century later another major
breakthrough came with the application to the
Moine Thrust zone of techniques, originally devel-
oped in the Canadian Rockies, for constructing
balanced and restored cross-sections across thrust
belts (Dahlstrom 1969, 1970; Boyer & Elliott
1982). Elliott and Johnson (1980) constructed four
balanced and restored sections across the northern
Moine Thrust zone. They suggested that thrusts
developed mainly in-sequence from hinterland to
foreland with early thrust sheets riding piggy-back,
passively on later, lower thrust sheets. Their duplex
model shows a series of imbricate fault blocks
bounded by a ‘roof thrust’ above and a ‘floor
thrust’ beneath. If thrusts developed in-sequence
the internal structures could be restored and the
minimum amounts of crustal shortening could be
quantified. Elliott & Johnson (1980) showed

Moine SchistsWEST EAST

Brittle thrust
fault

Out-of-sequence
thrust fault

Mylonites

Ductile shear zone

Inverted
metamorphic

isograds

Sutherland

migmatitesBen Hope thrust
Naver thrust

GarnetChlorite

Moine mylonite

Cambrian mylonite

Fig. 2. Schematic reconstruction of the Moine Thrust zone showing locations of deep ductile mylonites and shallow
brittle thrust faults. Also shown are the metamorphic zones in the Moine schists and the Sutherland migmatite complex
(after Johnson & Strachan 2006). Note the increase in metamorphic grade up-structural section to the east away from
the Moine Thrust zone.
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through geometric restorations that the minimum
amount of slip along the thrust sheets beneath the
Moine Thrust was c. 77 km, and probably more
like 100 km, with .20–25 km of slip along the
Glencoul Thrust and c. 28 km along the Ben More
Thrust. The seminal paper on the Moine Thrust
zone by Elliott & Johnson (1980) hatched a revolu-
tion in the interpretation of thrust structures, with
construction of balanced and restored sections
based on detailed structural mapping along most
of the Moine Thrust zone (e.g. Coward 1980,
1983, 1984, 1985; McClay & Coward 1981;
Butler 1982, 1987, 2004b, 2010; Butler et al.
2007). Recently a new geological map of the
Assynt region has been published by the British
Geological Survey (2007).

Assynt culmination

The Moine Thrust zone is best seen in the Assynt
culmination. Several major west-vergent thrusts
occur within the zone with the Moine Thrust being
the structurally highest and generally earliest to
move, and the Sole Thrust being the structurally
lowest and latest to move (e.g. Elliott & Johnson
1980; Coward 1980, 1983; Butler 1982, 1987). In
southern Assynt (Fig. 3) late motion along the
Moine ‘Thrust’ has been documented where the
overall ‘piggy-back’ sequence of thrusting has
been complicated by some late ‘out-of-sequence’
thrust motion (Butler & Coward 1984). Rb–Sr
dating of mylonites along the Moine Thrust gave
mineral ages of 437–425 Ma interpreted as timing
of motion along the Moine Thrust, whilst
40Ar–39Ar muscovite cooling ages are in the range
430–420 Ma (Johnson et al. 1985; Kelley 1988;
Freeman et al. 1998; Dallmeyer et al. 2001;
Johnson & Strachan 2006).

In the southern part of the Assynt culmination
two large alkaline intrusions, the Loch Ailsh and
Borralan intrusions, have been mapped within the
Moine Thrust zone (Fig. 3). The Loch Ailsh and
Borralan plutons are both composite igneous
bodies made up of marginal biotite pyroxenites,
earlier mafic syenites and later leucocratic alkali
feldspar and quartz syenites (Woolley 1970). The
two intrusions are geochemically distinct (Parsons
1965a, b, 1968, 1979, 1999; Thompson & Fowler
1986), with the structurally higher Loch Ailsh intru-
sion in the Ben More Thrust sheet, and the structu-
rally lower Borralan intrusion beneath the Ben
More Thrust, but above the Sole Thrust imbricates.
Most workers are in agreement that the Loch Ailsh
intrusion occurred prior to motion along the Moine
and probably Ben More Thrusts, but there has
been some uncertainty and debate as to whether
the Borralan alkaline intrusion is post-kinematic,
intruding across the Ben More Thrust (Woolley

1970; Halliday et al. 1987; British Geological
Survey 2007), or pre-kinematic and truncated by
the thrusts (e.g. Elliott & Johnson 1980). Coward
(1985) suggested that the Borralan syenite was
intruded during the early thrusting and was carried
some 30 km to the WNW onto the foreland.

In this paper we describe and review the geology
of southern Assynt, in particular the field relation-
ships of the alkaline igneous intrusions, and pre-
sent two new cross-sections across the Moine
Thrust zone in the Loch Ailsh (Fig. 4) and Loch
Borralan (Fig. 5) regions. We discuss critical field
relationships that can be used to constrain the
geometry and timing of motion along thrusts, in
particular key areas around the Borralan intrusion
and the Cam Loch klippe. Unfortunately many
critical geological contacts are obscured so that it
is not possible to be definitive in any one interpret-
ation. However, our cross-sections speculate on
possible structures at depth based on field structural
constraints at ground level.

Loch Ailsh pluton

The Loch Ailsh pluton crops out in the southern part
of the Assynt culmination beneath the Moine Thrust
and above the Ben More Thrust (Figs 3 & 4). The
Loch Ailsh region was mapped initially by the
Geological Survey of Scotland (Peach et al. 1907;
Geological Survey of Great Britain [Scotland]
1923). The petrology of the Loch Ailsh plutonic
rocks was first described in great detail by Phemister
(1926) and later by Parsons (1965b, 1968, 1972).
Most of the intrusion is made up of sodium-rich,
saturated or slightly oversaturated leucocratic
syenites (Phemister 1926; see review by Parsons
1999, p. 366–374). Minor amounts of quartz
occur but there is no nepheline, unlike in the struc-
turally lower Borralan intrusion. Early pyroxene or
riebeckite (alkali amphibole) syenites (S1, S2;
‘pulaskites’ – ‘shonkinites’ of Phemister [1926])
and later, overlying alkali feldspar syenites (S3;
‘perthosites’) have clear igneous textures (Parsons
1965b, 1968, 1972). Parsons suggested that S3

alkali feldspar syenites were emplaced above S2

syenites into the Lewisian gneiss and overlying
Ardvreck Group (Salterella Grit) quartzites and
grits and Durness Group carbonates with many
recognizable xenoliths, and that partial assimilation
gave rise to the basic syenites. Sub-vertical sheets of
ultramafic rocks along the syenite – Durness Group
carbonate contact led to the original suggestion that
the pyroxenites were large metasomatic skarns
(Parsons 1979). However, later drilling and exca-
vations around Borralan revealed clear igneous,
intrusive contacts, demonstrating that both syenites
and ultramafic rocks were magmas intruded into
limestone or quartzite (Parsons & McKirdy 1983)
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and a similar intrusive contact was inferred for the
Loch Ailsh intrusion.

Although the Loch Ailsh intrusion was originally
interpreted as a stratified laccolith (Phemister 1926),
both upper and lower contacts are extremely poorly
exposed and they could be truncated by thrusts
(Elliott & Johnson 1980; this paper). However,
exposure is not good enough to be definitive
(e.g. compare the original and recently revised
Geological Survey Assynt Special Sheets; Geo-
logical Survey of Great Britain [Scotland] 1923;
British Geological Survey 2007). Both these maps
show the Loch Ailsh pluton cropping out entirely
below the Moine Thrust and above the Ben More
Thrust. Bailey (1935) mapped intrusive contacts
with Cambrian quartzites of the Ben More nappe
at the pluton margin. The Loch Ailsh pluton was
intruded into the Lewisian, Torridon and Cambrian
succession up to the Durness Group carbonates.
Xenoliths of altered dolomites, converted into
diopside – phlogopite – brucite bearing calc-
silicates, occur within the pluton (Johnson &
Parsons 1979). Along the eastern margin of the
pluton immediately beneath the inferred position of
the Moine Thrust is a sheet of biotite pyroxenite.
Magnetic anomalies show that the pyroxenite
forms a nearly vertical sheet (Parsons 1965a).

A U–Pb zirconage fromthe LochAilsh leucosye-
nite of 439 + 4 Ma (Halliday et al. 1987) probably
indicates the age of crystallization of the magma.
However, this Pb/Pb isochron is extremely discor-
dant and therefore the age is dubious. Recent unpub-
lished work by BGS redating zircons from Loch
Ailsh (430.6 + 0.3 Ma) indicates that the intrusion
is of a similar age to the Loch Borralan syenite
(K. Goodenough & I. Miller, pers. comm. 2008).

Milne (1978) and Elliott & Johnson (1980,
fig. 18) suggested that the Loch Ailsh pluton
intruded across isoclinally folded Lewisian and
Torridonian rocks (Sgonnan Mor structures) and
an early thrust (Glen Oykel Thrust) within the Ben
More Thrust sheet, but was cut both by the Moine
Thrust above and the Ben More Thrust below.
These inferred structural relationships, if correct,
would suggest that a major phase of folding and
crustal thickening pre-dated intrusion of the Loch
Ailsh complex, which in turn pre-dated motion
along the Moine Thrust. However, critical localities
around the margin of the Loch Ailsh pluton are
extremely poorly exposed and covered in extensive
deep peat bogs.

Most maps show no parts of the Loch Ailsh
alkaline intrusive complex occurring east of the
inferred position of the Moine Thrust, or beneath
the mapped position of the Ben More Thrust.
Minor alkaline (nordmarkite) sills do intrude mylo-
nites at the leading edge of the Moine Nappe to the
SE and have a mylonite fabric (Sabine 1953; Law

et al. 1986; Law 1998a). On our cross-section
(Fig. 4) the Loch Ailsh pluton is shown sandwiched
between these two thrusts and we infer, along with
previous workers (e.g. Peach et al. 1907; Parsons
1965b; Elliott & Johnson 1980; Halliday et al.
1987; British Geological Survey 2007) that the
main Loch Ailsh intrusion was pre-Moine Thrust.
The main disagreement is whether the Loch
Ailsh pluton was emplaced prior to folding and
fabric development of the Sgonnan Mor structures
(Halliday et al. 1987), or after folding and fabric
development within the Ben More thrust sheet
(Milne 1978; Elliott & Johnson 1980; Butler &
Coward 1984; Fig. 3); see also recent review
by R. W. H. Butler in Mendum et al. (2009,
pp. 286–288).

Loch Borralan pluton

The Loch Borralan pluton, or Borralan pluton for
short, was first described by Horne & Teall (1892)
and Teall (1900) and then mapped by the Geological
Survey (Peach et al. 1907; Geological Survey of
Great Britain [Scotland] 1923). Shand (1910,
1913, 1939) carried out detailed petrology and
named many rocks of the Borralan complex (e.g.
‘borolanite’, ‘ledmorite’, ‘cromaltite’, ‘assyntite’).
The Borralan intrusion is the only mainly
silica-undersaturated plutonic complex in Britain
and is composed of a variety of rocks including
ultramafic (‘cromaltite’ with biotite melanite pyrox-
enites) to mafic nepheline syenites (‘ledmorites’
with melanite, augite, nepheline and sodalite) and
pseudoleucite – orthoclase bearing ‘borolanites’.
The borolanites locally contain a deformation
fabric, but they are cut by a set of undeformed peg-
matite dykes containing the mineral assemblage:
feldspar, nepheline, biotite, melanite, magnetite,
titanite, allanite, zeolite and cancrinite (Stewart
1941). Woolley (1970, 1973) divided the complex
into an early suite of pyroxenites, nepheline syenites
and pseudoleucite-bearing syenites, and a later suite
of feldspathic syenites (‘perthosites’) and quartz
syenites (see review by Parsons 1999, pp. 353–
366). The later suite of quartz syenites intrudes the
earlier nepheline syenite suite, although geochem-
ical data are limited and so it is not possible to estab-
lish any definitive relationship between the two
suites (K. Goodenough, pers. comm. 2008).

The Borralan pluton also crops out in southern
Assynt, but in a structurally lower thrust sheet
than the Loch Ailsh pluton (Figs 3 & 5). The Ben
More Thrust separates the Loch Ailsh intrusion,
which lies entirely above it, from the Borralan intru-
sion, which is entirely below it (Fig. 5). The Ben
More Thrust appears to be folded and domed over
the top of Cnoc na Sroine hill, and then downfolded
into a syncline beneath the Cam Loch klippe to the
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west, although it is also possible that the Cam Loch
klippe is a separate and lower thrust sheet (see
Discussion section). The Borralan intrusion is inter-
preted to crop out above a thrust fault that we define
here as the Borralan Thrust, which places these
rocks above the unmetamorphosed Sole Thrust
imbricate duplex (Figs 3 & 5). The proposed
Borralan Thrust is equivalent to the conjectured
‘Ledbeg Thrust’ of Elliott & Johnson (1980,
pp. 84–86), although they did not show this struc-
ture on their cross-sections. We suggest the name
‘Borralan Thrust’ may be more suitable as it
carries the Borralan igneous complex along the
hanging wall. Coward (1985, p. 603) stated that

the Ledbeg thrust clearly post-dates the Borralan
complex, imbricating sills related to the complex in
the east and carrying the igneous complex and
contact metamorphosed limestones over unmetamor-
phosed Cambrian rocks to the west.

The borolanite contains large white equidimen-
sional leucite crystals that have been pseudo-
morphed by alkali feldspar, muscovite and
nepheline (‘pseudo-leucite’). The pseudoleucite
crystals are flattened and elongated into white ellip-
tical streaks aligned in the Moine Thrust transport
direction (Bailey & McCallien 1934, plate XXVI;
Woolley 1970, pp. 178–179; Elliott & Johnson
1980, p. 86). The breakdown reaction of sodium-
rich leucite to nephelineþ feldspar occurs at subso-
lidus temperatures (Deer et al. 1966); therefore the
flattened pseudoleucites at Borralan must have
been the result of a later tectonic deformation, not
an original igneous texture. The breakdown
involves a shape change from tetragonal (pseudo-
cubic) leucite to hexagonal nepheline. Deformed

pseudoleucites in the Aultivullin quarry (Location
A on Fig. 3) define a foliation that strikes around
0308 and dips 208 ESE and a lineation trending
1108, parallel to the main Moine Thrust zone trans-
port direction (Fig. 6). These high temperature
fabrics are restricted to the eastern flank of the
Borralan intrusion, and are here interpreted as
shear fabrics superimposed after crystallization
and during thrusting. Undeformed feldspathic and
quartz leucosyenites with large K-feldspar crystals
form the summit region of Cnoc na Stroine hill
above Loch Borralan and beneath the extrapolated
Ben More Thrust (Fig. 5). Woolley (1970) sug-
gested that movement on the overlying Ben More
Thrust produced the flattening in the borolanite.
The high-temperature fabrics in the pseudoleucite
borolanites suggest that thrusting could have been
contemporaneous with the end of magmatism, but
must have been after crystallization. If correct, the
U–Pb zircon age of the Borralan intrusion would
also date the timing of initiation of thrusting at
this location.

A U–Pb zircon age of 430 + 4 Ma (van Breemen
et al. 1979) probably dates crystallization of the
Borralan syenite, and is similar to the age of the
Loch Ailsh pluton (K. Goodenough & I. Miller,
pers. comm. 2008; see above). In places, thin sheets
of less deformed aegirine aplites and undeformed
pegmatites cut the syenites. This may suggest that
thrusting along the Ben More and Borralan Thrusts
occurred after intrusion of the early ultramafic pyrox-
enites and mafic syenites – borolanites, but possibly
prior to intrusion of the late pegmatites, as suggested
by van Breemen et al. (1979). In this case the U–Pb
age would provide a tight constraint on timing of
motion along the Ben More and Borralan Thrusts.

Fig. 6. Structural data for pseudoleucite aggregates near the southern margin of the Borralan pluton; (a) lower
hemisphere Wulff net projection of long (X) axes. Note that the maximum is parallel with the slip direction on the Moine
Thrust. (b) Log Flinn plot showing that the aggregate shape fabrics are biaxial to slightly constrictional consistent with a
simple shear strain associated with thrusting.
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The early suite of ultramafic rocks and mafic sye-
nites was intruded into the Durness Group carbon-
ates developing a spectacular metamorphic aureole
comprised of pyroxene- and yellowish brucite-
bearing marble, seen for example in the Ledbeg
quarry (Fig. 3). The country rock dolomites have
been strongly mobilized and metasomatized (‘feni-
tized’; Woolley et al. 1972; Matthews & Woolley
1977) and, in places, have completely melted to
form intrusive carbonate sheets.

Margins of the Borralan intrusion

The nature of the contact between the igneous rocks
of Loch Borralan and the country rocks has been the
source of considerable controversy. Woolley (1970)
suggested that most of the sheet-like igneous rocks
of the Borralan intrusion were emplaced prior to
the main movement along the Ben More Thrust,
with the later suite of quartz syenites injected as a
plug, cutting both the earlier suite and the Ben
More Thrust. Although the undeformed pegmatites
cut earlier borolanites that contain a deformation
fabric, it is not possible to say unequivocally that
they also cut the Ben More Thrust, because the
latter is eroded and above the line of topography
(see Fig. 5). Halliday et al. (1987) interpreted the
Borralan complex as intruding across the Ben
More Thrust, and therefore being later than motion
along the Ben More Thrust, largely based on the evi-
dence presented by Parsons & McKirdy (1983).

Parsons & McKirdy (1983) carried out exca-
vations along the critical contact between the Cam
Loch klippe and the Borralan intrusion at Bad na
h-Achlaise, south of Ledmore (Location B on
Fig. 3). Parsons & McKirdy (1983) thought that
their excavation sites were in the Cam Loch
klippe, a klippe of Lewisian gneiss, Basal Quartzite
and Pipe Rock, lying above the folded Ben More
(Cam Loch) Thrust (Fig. 2). However, their map
locations (Parsons & McKirdy 1983, fig. 1. p. 61)
are right on the margin of the Cam Loch klippe
(Fig. 3), where it is immediately adjacent to the Bor-
ralan Thrust sheet. Their map, and that of Woolley
(1970), shows a dashed line contact for the thrust
along the base of the Cam Loch klippe, where peat
bogs obscure the contact. They concluded that
there was no evidence for a thrust contact between
syenite and quartzite. However, although we do
not dispute this fact at the excavation site, the criti-
cal contact, the base of the borolanite, remains
deeper and unexcavated. We suggest that it is poss-
ible that the Parsons & McKirdy (1983) excavations
and the igneous intrusive relationships recorded
there are actually in the westernmost margin of the
Borralan Thrust sheet (Figs 3 & 5), and not in the
Cam Loch klippe. Borralan syenites intrude quart-
zites as well as Durness Group carbonates around

Ledbeg, immediately to the north beneath the Ben
More Thrust, so this interpretation seems reason-
able. Nowhere above the Cam Loch or Ben More
Thrusts do borolanites occur.

Map relationships around the northern margin of
the Borralan pluton (Fig. 2) are also ambiguous.
Imbricated Cambrian–Ordovician sedimentary
rocks strike north–south and appear to be truncated
abruptly along the northern margin of the Borralan
syenite, or bend very slightly westward (British
Geological Survey, Assynt sheet 2007). North–
south striking fold axes in the Breabag dome also
appear to end abruptly at the east-west striking
northern margin of the Borralan complex. This
contact could be interpreted either as intrusive or
faulted (either a thrust fault placing syenite above
the imbricate sequence, or a normal fault juxtapos-
ing the two). If the Borralan pluton was intruded
up across the Ben More Thrust, as suggested by
Halliday et al. (1987), the high-temperature
contact metamorphic aureole should be expected
around the whole upper margin of the Borralan
syenites. In fact, the metamorphic aureole only
appears to be present around the western margins
of the Borralan intrusion near the Ledbeg marble
quarry (Fig. 3) where diopside-forsterite-phlogopite
marbles represent the contact aureole. Along
the northeastern margin, unmetamorphosed
Cambrian–Ordovician rocks occur adjacent to the
syenites, suggesting that the contact is more likely
to be a lateral ramp faulted margin, rather than an
intrusive contact. It is not clear precisely where
the Borralan Thrust fault extends to the north but
it could possibly connect with either one of two
north–south striking thrusts within the Ardvreck
Group sediments (grid reference NC 280 130).
Elliott & Johnson (1980, fig. 17) mapped this
thrust (their Ledbeg Thrust) as running along the
northern margin of the Borralan complex and
merging with the Ben More Thrust at a branch line.
The eroded branch line includes the Loyne horse or
imbricate slice in the same thrust sheet. Interfinger-
ing limestone and syenite crop out in the ‘Four
Burns’ area (grid reference NC 295 135) along
the NE margin of the Borralan complex (British
Geological Survey 2007) are entirely within our pro-
posed Borralan Thrust sheet. The restored cross-
section shows the structural relationships more
clearly (see following section).

Borolanite outcrops at Loyne

Johnson & Parsons (1979) and Elliott & Johnson
(1980, fig. 17, p. 84) show a thrust-bounded out-
crop of pseudoleucite-bearing borolanite called the
Loyne mass to the north of the Glen Loyne – Feur
Loch valley (grid reference NC 255 145). The new
geological map of Assynt (British Geological
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Survey 2007) shows this same outcrop with borola-
nite intruding Fucoid Beds and Salterella Grit
(Ardvreck Group) above a lenticular imbricate
thrust. Immediately to the north and structurally
higher are two separate klippen comprising Torridon
Group and Cambrian quartzites at Benn Fhuarain
and Beinn nan Cnaimhseag (Fig. 3). The thrust
along the base of these klippen has previously been
interpreted as the Ben More Thrust (e.g. Peach
et al. 1907; Elliott & Johnson 1980; British Geologi-
cal Survey 2007). The mapped relationships around
the margins of the Loyne borolanite intrusion, which
are poorly exposed in peat bogs, are once again
ambiguous. The Loyne mass almost certainly lies
beneath the Ben More Thrust but the lower contacts
are unexposed. It could either be a small klippen of
Borralan Thrust sheet, or an intrusion cutting up
across from the Sole Thrust sheet. Present exposure
levels do not allow for a definitive answer.

Carbonatite outcrops at Loch Urigill

A single outcrop of carbonatite occurs on the shore
at Loch Urigill (Fig. 3; grid reference: NC 247 105;
Young et al. 1994). The carbonatite contains numer-
ous xenoliths of nepheline syenite and pyroxenite,
as well as Durness Group dolomites, and is presum-
ably a late-stage igneous component of the Borralan
complex, although the structural relationships are
unclear. Distinctive trace-element, carbon and
oxygen signatures show that the carbonatites have
a deep-seated origin and are not simply mobilized
Durness Group carbonates (Young et al. 1994).
These authors described three types of carbonatite
including porphyritic sövite, phlogopite-apatite
sövite and silica-carbonatite, together with a carbo-
natite breccia. Carbonatites are closely associated
with alkaline syenite intrusions elsewhere in the
World. If the carbonatite is related to the Borralan
complex as we suspect, then it is possible that our
proposed Borralan Thrust actually extends further
south into Loch Urigill than is shown on the map
(Fig. 3). Once again, poor exposure makes any
definitive structural interpretation impossible.

Assynt minor intrusions

At least seven groups of minor intrusions, mostly
sills and a few dykes, ranging from lamprophyres
to peralkaline rhyolites and nepheline syenites
have been mapped and described from the Assynt
region (Horne & Teall 1892; Shand 1913; Phemister
1926, 1960; Sabine 1953; Parsons 1979, 1999;
Goodenough et al. 2004, 2006). Goodenough et al.
(2004, 2006) showed that the majority of these
minor intrusions pre-dated motion along the
Moine, Ben More and Sole Thrusts. Mafic diopside-
and hornblende-phyric vogesites are the most

primitive magma source. Hornblende microdiorites
and the Canisp porphyry sills are probably related
through fractionation. A U–Pb (TIMS) zircon age
of 437 + 4.8 Ma has been obtained from the
Canisp porphyry, one of several similar sills intrud-
ing the Foreland rocks (Goodenough et al. 2006).
The Loch Ailsh pluton, usually interpreted to be
intruded earlier than and cut by the Moine Thrust
above (but see discussion by Parsons 1999,
pp. 365–366), is crosscut by peralkaline rhyolite
(‘grorudite’) dykes, which are also deformed by
later thrusting elsewhere in Assynt (Goodenough
et al. 2004, 2006).

Porphyritic trachyte dykes are enriched in alkalis
and are geochemically similar to the Borralan
pluton. Goodenough et al. (2004) described two
localities on the slopes of Conival and below
Sgonnan Mor where these dykes cut foliations that
are apparently related to movement along the Ben
More Thrust. However, if the Sgonnan Mor folds
and fabric were produced early in the sequence,
and are therefore pre-Moine Thrust and pre-Loch
Ailsh intrusion, as suggested by Milne (1978),
Soper & Barber (1979), Elliott & Johnson (1980)
and Butler (1997), then the fabrics are not Ben
More thrust-related fabrics, and trachyte dykes are
also pre-thrusting. Although it has been implied
that porphyritic trachyte dykes and the Borralan
intrusion both post-date movement on the Ben
More Thrust (Parson & McKirdy 1983; Halliday
et al. 1987), nowhere on the new British Geological
Survey map (2007) are cross-cutting relationships
seen along the Ben More Thrust. The relationship
of these rocks to timing of motion along the Ben
More Thrust remains ambiguous.

Almost all the minor intrusions, as well as the
Loch Ailsh syenite were clearly emplaced prior to
thrusting. The only Assynt minor intrusives that
could be temporally related to thrusting are a suite
of nordmarkite (porphyritic quartz microsyenite)
sills that crop out both below and above the Moine
Thrust (Sabine 1953; Parsons 1999; Goodenough
et al. 2004). Most of the sills are aligned parallel
to the thrust and could be interpreted to have
intruded along the mylonitic fabric. Nowhere do
they actually cut the Moine Thrust, but in one
locality along the Allt nan Sleach stream section
(Fig. 3), a nordmarkite sill cross-cuts the mylonite
fabric but is itself penetratively deformed indicating
that thrusting and magmatism were contempora-
neous (Law et al. 1986; Law 1998a). Additionally,
some nordmarkite sills have been mapped several
hundred metres east of the Moine Thrust, where
mylonite fabrics have been imposed along the
margins of the sills (Goodenough et al. 2004).
These field relationships indicate that these sills
were intruded prior to some, but not all, ductile
motion along the Moine Thrust.
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Relationship between thrusting

and mylonitization

Thrusting and mylonitization under at least locally
elevated deformation temperatures is indicated by
high temperature microstructures in mylonitic Cam-
brian quartzites located immediately beneath the
Moine Thrust and exposed in the Allt nan Sleach
stream section (Peach et al. 1907, p. 609; Read
et al. 1926, p. 120; Christie 1963, fig. 10; Law
et al. 1986; Law 1998a; Fig. 3) to the SE of the
Loch Ailsh pluton. These mylonites are character-
ized by Regime 3 dynamic recrystallization of quartz
in which grain boundary migration recrystallization
is dominant (Hirth & Tullis 1992; Handy et al.
2007), indicating minimum deformation tempera-
tures of 525 8C at natural strain rates using the ther-
mometer of Stipp et al. (2002). In contrast, to the
north away from the alkaline intrusions of southern
Assynt, deformation and dynamic recrystallization
in the mylonitic quartzites in the immediate footwall
to the Moine Thrust at the Stack of Glencoul (Law
et al. 1986, 2010; Law 1998b, p. 493; Law &
Johnson 2010) occurs under Regime 2 conditions
(sub-grain rotation recrystallization) indicating sig-
nificantly lower deformation temperatures (400–
500 8C). This inferred synchronicity between thrust-
ing/mylonitization and magma intrusion is strongly
supported in the Allt nan Sleach stream section
where, as mentioned above the mylonitic fabric in
the Cambrian quartzites is cross cut by a porphyry
sill, but feldspar megacrysts in the porphyry are
mantled by white-mica wings orientated parallel
with the stretching lineation in the mylonites (Law
et al. 1986, figs 13c & 14f; Law 1998a, p. 495;
but cf. Goodenough et al. 2004, pp. 545 and 547).
Unfortunately isotopic dating has not been under-
taken on this sill which appears to belong to a
swarm of nordmarkite (quartz-bearing syenite) and
nordmarkite-porphyry sills that intrude the Moine
schists and Cambrian rocks to the south and south-
east of Loch Ailsh (Read et al. 1926, p. 105;
Sabine 1953; Goodenough et al. 2004). However,
these microfabrics at the leading edge of the
Moine Nappe strongly support the suggestion by
Parsons (1979) that movement on the Moine
Thrust plane persisted throughout intrusion of the
nordmarkite suite, as the ‘Moines finally travelled
into the area of alkaline activity in the Assynt
area’ (Halliday et al. 1987, p. 614).

Restored cross-sections

Figure 7 shows two schematic restored cross-
sections across the lines of section shown
in Figures 4 (Loch Ailsh profile) and 5 (Loch
Borralan – Cam Loch profile) during Lower

Ordovician–Silurian time. These restorations
show the simplest solutions and reveal some impor-
tant structural constraints that are now discussed.
Important restoration points (numbered) are keyed
in to the restored sections. The restorations imply
that all folding and thrusting occurred as a result
of emplacement of the Moine Thrust sheet and
deformation associated with thrusting.

Cambrian–Ordovician sedimentary rocks in the
foreland have been rotated back to horizontal over-
lying both Lewisian basement and Torridon Group
sandstones tilted to the west. Cambrian quartzites
then overlie Torridon Group rocks in the western
foreland and Lewisian basement in the east near
the future Sole Thrust front region. Torridon
Group rocks are also present in the Assynt klippen
(Ben Fhuarain; grid reference NC 273 177) and
along the leading (western) edge of the Ben More
Thrust sheet with Lewisian gneiss directly under-
lying Cambrian in the intervening regions. This
suggests the presence of east-dipping pre-Cambrian
normal faults dropping Torridon Group rocks down
to the east (Soper & Barber 1979; Soper & England
1995; Butler 1997; Butler et al. 2006).

The Moine Thrust cuts up-stratigraphic section
in the footwall to the Durness Group carbonates
(Restoration Point 1). The Loch Ailsh pluton
occurs entirely in the footwall of the Moine Thrust
and intruded up to Durness Group carbonate
levels, as seen along the SE margin of the pluton.
North of the Loch Ailsh pluton, along the eastern
part of the Ben More Thrust sheet, Cambrian
Basal quartzites rest unconformably on Lewisian
gneiss (2), whereas along the western part of the
Ben More Thrust sheet thin Torridon Group sand-
stones occur beneath the Basal quartzites. The
double unconformity (base Cambrian – base Torri-
don Group) crops out east of the Ben More Thrust at
grid reference NC 301 130 (3). Beneath the Ben
More Thrust, Basal quartzite rests directly on
small Lewisian inliers both north (grid reference
NC 300 168) and south (grid reference NC 277
083) of the Borralan complex (4). The restoration
shows that there must have been a pre-Cambrian
east-dipping normal fault broadly along the trace
of the future Ben More Thrust that dropped Torridon
Group rocks down to the east (see also Butler 1997).
Because Torridon Group rocks occur along the
hanging wall and Lewisian gneisses along the
footwall beneath the Cambrian unconformity, it
could be argued that the Ben More Thrust exploited
and reactivated an earlier pre-Cambrian east-
dipping normal fault.

The two klippen north of the Borralan complex
(‘Assynt klippen’ of Elliott & Johnson 1980), Ben
Fhuarain and Ben nan Cnaimhseac (Fig. 3) are
composed of small slices of Lewisian basement,
Torridon Group and Basal quartzite lying above a
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folded thrust, the Ben More Thrust (Figs 3 & 4).
Basal quartzites unconformably overlie Torridon
Group in the Ben Fhuarain klippe (5), whereas in
the Breabag thrust sheets (4) and to the west in the
Sole Thrust sheet and foreland (6) Basal quartzite
overlies Lewisian basement. On the British Geo-
logical Survey Assynt sheet (2007), the Torridon
Group rocks in the Assynt klippen are mapped as
Applecross Formation sandstones, whereas the Tor-
ridon Group exposed along the western margin of
the Ben More Thrust sheet are mapped as basal
Diabaig Formation (Krabbendam et al. 2008). This
concurs with a west-dipping base Torridon uncon-
formity with the older units to the east in the Ben
More Thrust sheet (Fig. 7a). In the restored cross-
section, the Ben Fhuarain klippe matches the
leading western margin of the Ben More klippe
but has had the intervening 2þ km width eroded
off the top of the Breabag dome.

The Borralan pluton crops out wholly in the foot-
wall of the Ben More Thrust. It intruded up as far as
Durness Group carbonates which are exposed all
around the pluton. In the Four Burns region along
the NE margin of the Borralan complex, syenites
intrude Durness Group carbonates at the highest
levels of the intrusion (7). Along the western
margin of the Borralan complex, a metamorphic
aureole is present in the high-grade marbles
exposed around the Ledbeg quarry (8). We interpret
the contentious excavation site of Parsons &
McKirdy (1983) at Bad na h’Achlaise (Location B
on Figs 3 & 7b), where Borralan syenites intrude
Basal quartzite and Pipe Rock, as being above our
proposed Borralan Thrust (9), rather than within
the Cam Loch Thrust slice (Parsons & McKirdy
1983). The Borralan Thrust is interpreted as the
thrust near Ledbeg (grid reference NC 245 140)
that at the present erosion level places Basal quart-
zites over Durness Group carbonates (10). Highly
metamorphosed marbles in the Ledbeg quarry
(location 8) are thrust over unmetamorphosed
dolostones of the Sole Thrust duplex. The Borralan
Thrust and the Ben More Thrust underlying the Cam
Loch klippe meet at a branch line at location 10 on
Figure 7b. Comparison of the two restored sections
in Figure 7a, b suggests that the Borralan Thrust
could be laterally equivalent to the Breabag Thrust
(11) to the north. Alternatively the Borralan – Ben
More Thrust branch line could simply extend on
the map along the northern margin of the
Borralan complex.

The Cam Loch klippe has been interpreted as a
klippe of Ben More Thrust sheet folded over the
Borralan complex (Elliott & Johnson 1980; but cf.
discussion by R. W. H. Butler in Mendum et al.
2009, pp. 288–292). If this is the case, the Cam
Loch Thrust slice should be restored east of the
Borralan complex and is underlain by the Ben

More Thrust (12; Fig. 7b). Cambrian quartzites
overlie Lewisian in the Cam Loch klippe whereas
they overlie Torridon Group rocks in the Ben
More Thrust sheet. This geometry again suggests
that the Ben More Thrust reactivated an earlier,
pre-Cambrian east-dipping normal fault (13).
Beneath the Cam Loch klippe and Borralan Thrust
five or six imbricate thrust slices are present in the
Durness Group carbonates, Salterella grits and
Fucoid beds (14). The Sole Thrust therefore cuts
up-stratigraphic section in the transport direction
and was the youngest thrust to move.

Figure 8 shows two alternative restored sections
that could also fit the mapped structures in southern
Assynt. The main difference in these two sections
from Figure 7 is that the Cam Loch and Ben
Fhuarain klippen are regarded as structurally
beneath the Borralan Thrust sheet (Fig. 8a) and
beneath the Breabag Thrust sheets. If this geometry
was correct, the thrust that underlies these klippen
could not be the same as the Ben More Thrust.
The Ben More Thrust cuts up-section to the
Durness Group to the west along the leading edge
of the Ben More Thrust sheet and it would have to
cut down-section to the west in the transport direc-
tion, in order to pluck a slice of Lewisian basement
at the lowest levels of the Cam Loch Thrust sheet
(15) and the Ben Fhuarain Thrust sheet (16). Since
this is geometrically unlikely it would be necessary
to interpret the Cam Loch as a separate thrust slice,
placing Lewisian–Cambrian rocks over the Fucoid
beds, Salterella grit and Durness Group carbonates
of the Sole Thrust duplex (17). If the restored sec-
tions in Figure 8 are correct critical contacts along
the eastern margin of the Cam Loch ‘klippe’ and
the Assynt klippen need to be reinterpreted. On pre-
vious maps all three klippen have been interpreted
as underlain by a folded thrust. In this restoration
however the eastern margin of the klippen would
be a thrust fault (Borralan Thrust; Breabag Thrust)
subsequently reactivated as an east-dipping normal
fault. Previous mapping has shown that in the
Bone Cave valley it is obvious that strata in thrust
slices belonging to the Breabag imbricates dip
underneath the two klippen (see Coward 1984 and
British Geological Survey Assynt sheet 2007). We
therefore regard the restorations in Figure 7 rather
than those in Figure 8 as being more likely
representations.

Discussion

A review of the structural geometry of the Assynt
Window together with our balanced and restored
cross-sections across southern Assynt reveal
several key structural clues to the geometry and
timing of thrust sheets in the Moine Thrust zone.
These can be summarized as follows.
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Moine Thrust

The Moine Thrust is widely regarded as the earliest
thrust to form, being the structurally highest and
farthest travelled (Elliott & Johnson 1980; McClay
& Coward 1981). Differences in erosion level
along strike have resulted in considerable confusion
with naming of thrust faults. For example, different
authors have defined the Moine Thrust (sensu
stricto) as being at different horizons below or
within the mylonites. Following Clough in Peach
et al. (1907, p. 503), Law et al. (1986) defined the
Moine Thrust at both the Stack of Glencoul in north-
ern Assynt and in the Allt nan Sleach stream section
of southern Assynt (Location A–S on Fig. 3) as a
ductile fault separating Moine-derived mylonites
above from Cambrian-derived mylonites below.
To the east of Loch Eriboll, Holdsworth et al.
(2006, 2007) mapped the Moine Thrust as separ-
ating Lewisianoid gneisses (interpreted to be con-
formably overlain by now mylonitic Moine
metasedimentary rocks) above from Lewisian-
derived mylonites below (see also recently pub-
lished Geological Survey map for Loch Eriboll
which is based on mapping by these workers
[British Geological Survey 2000]). Many workers
have mapped the Moine Thrust at the base of all
exposed mylonites regardless of protolith age (e.g.
at Eriboll – Soper & Wilkinson 1975; McClay &
Coward 1981; Butler 1982, 2004b; at the Stack of
Glencoul – MacGregor & Phemister 1937; Elliott
& Johnson 1980). At Knockan crag in southernmost
Assynt the generally accepted position of the
Moine Thrust is the sub-horizontal brittle fault that
separates brecciated Moine-derived mylonites
(above) from non-mylonitic Durness Limestone
below (Peach et al. 1907; Johnson & Parsons
1979), although other workers have argued that
this fault is a very late structure that cross-cuts
underlying foreland imbricates (Butler & Coward
1984; Coward 1985). Similarly in the southern
part of the Moine Thrust zone the fault(s) separating
Moine metasedimentary rocks from underlying
rocks of the Moine Thrust zone may at least in
some places be a late brittle structure (Coward
1985). In reality, all of these positions may be
correct at differing times and depths (Fig. 2).
Early motion would be taken up along the deep,
ductile Moine mylonites, with first Lewisian-
derived mylonites then Cambrian-derived mylonites
according to whatever lithology was overridden in
the footwall. Later motion would be taken up on
the higher brittle thrust fault (see review for
Assynt region by Knipe 1990). Final motion along
this same contact could be later out-of-sequence
faulting, as exposed for example at Knockan Crag.

The Moine Thrust brings up chlorite (and retro-
gressed biotite) grade meta-sedimentary rocks

along the hanging wall (Evans & White 1984;
Johnson et al. 1985; Kelley & Powell 1985).
Usually hanging wall and footwall rocks can be
matched across restored thrust faults. Morar Group
rocks of the Moine Nappe have been proposed to
be metamorphosed lateral equivalents of Torridon
Group rocks (Krabbendam et al. 2008). However,
the immediate footwall of the Moine Thrust con-
tains Cambrian quartzites resting unconformably
on Lewisian gneiss without intervening Torridon
Group rocks. Although the restored sections show
that Torridon Group rocks have been down-faulted
to the east in several places prior to deposition of
the Cambrian as suggested previously by Soper &
Barber (1979), Soper & England (1995), Butler
(1997) and Butler et al. (2006), the sequence
within the Moine Thrust zone is not thick enough
to provide a suitable protolith for the entire Moine
Supergroup. The temporal and spatial origin of the
Moine schists remains problematic. Ductile mylo-
nites formed at the deeper structural levels (Christie
1963; Sibson 1977), and dating of these rocks might
provide evidence of timing of motion along the
thrust. Rb–Sr and Ar/Ar dating of Moine Thrust
mylonites revealed ages of 437–425 Ma (Johnson
et al. 1985; Kelley 1988; Freeman et al. 1998;
Dallmeyer et al. 2001). Late-stage out-of-sequence
motion or reactivation along the Moine Thrust
resulted in decapitation of footwall structures in
the Sole Thrust sheet for example at Knockan
Crag (Coward 1982, 1985; Butler & Coward 1984;
Butler 2004b).

Sgonnan Mor folds

There is controversy as to whether the Sgonnan Mor
folds and fabrics in the Ben More Thrust sheet
occurred prior to initiation of the Moine Thrust or
were formed as a result of shortening along the
footwall of the Moine Thrust (see review by
Parsons 1999, pp. 366–368). Milne (1978), Soper
& Barber (1979) and Elliott & Johnson (1980) all
suggested that the Lewisian basement, Torridon
Group sandstones and Cambrian-Ordovician cover
sequence in the Ben More thrust sheet were tightly
folded and cut by minor thrusts (e.g. Glen Oykel
Thrust) prior to intrusion of the Loch Ailsh syenite
pluton and possibly even prior to initiation of the
Moine Thrust. Field relationships in this region are
however, far from clear. Halliday et al. (1987)
later suggested that the folding and fabrics in the
Sgonnan Mor structures occurred after initiation
of the Moine Thrust. The Glen Oykel Thrust of
Elliott & Johnson (1980) appears rather to be a
relatively minor shear zone between the Sgonnan
Mor anticline – syncline pair parallel to the axial
plane, and there is no direct field evidence that
the shear zone is cut by the Loch Ailsh pluton
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(M. Krabbendam, pers. comm. 2008). Once again
outcrop is not complete enough to be definitive
but it seems more likely that the Sgonnan Mor folds
were formed as a result of shortening after initiation
of the Moine Thrust and immediately prior to
initiation of the Ben More Thrust and our restored
sections (Fig. 7a, b) assumes this to be the case.

Loch Ailsh and Borralan alkaline intrusions

The Loch Ailsh intrusion lies wholly within the Ben
More Thrust sheet and is truncated by the Moine
Thrust above, whilst the Borralan intrusion lies
wholly in the footwall of the Ben More Thrust.
Both the Loch Ailsh and Borralan alkaline intru-
sions are pre-kinematic with respect to motion
along the Moine and Ben More Thrusts. It is still
possible that the earliest initial movement on the
Moine Thrust could have been earlier, but there is
no field data or geochronological evidence to
support this. We propose that the Borralan
complex is underlain by a thrust, which we term
the Borralan Thrust, in the west; however it is not
certain that this thrust underlies the whole Borralan
Pluton because the base is never exposed. This
thrust places the Borralan complex with its contact
metamorphosed Cambro–Ordovician country rock
envelope over the Sole Thrust imbricates (Fig. 7b).
We interpret the intrusive relationships of syenite
intruding quartzite at the margin of the Borralan
pluton (Parsons & McKirdy 1983) to be within the
Borralan Thrust sheet, not in the Cam Loch klippe.
The critical contact between the base of the Borralan
Thrust sheet and the Cam Loch klippe is poorly
exposed and mostly buried by peat bogs.

Similar U–Pb zircon ages from both intrusions
(c. 430 Ma; van Breemen et al. 1979; K. Goode-
nough & I. Miller, pers. comm. 2008) suggest that
final motion along both the Moine and Ben More
Thrusts occurred after 430 Ma. However, motion
along some thrusts probably occurred while these
plutons were still hot or cooling. For example, the
borolanites locally contain flattened pseudoleucites
(see Bailey & McCallien 1934, plate XXVI,
for photographs of polished slabs), a penetrative
foliation and stretching lineation showing that
high-temperature fabrics were superimposed after
crystallization of the igneous body, but still at high
temperatures (c. 500–550 8C). The deformed pseu-
doleucite spots are intruded and crosscut by veins of
later, less deformed or undeformed alkaline intru-
sives (Eskola in Bailey & McCallien 1934, p. 554;
Elliott & Johnson 1980, p. 86).

Ben More Thrust–Cam Loch Thrust

The Ben More Thrust is a major tectonic contact that
separates folded Lewisian, Torridon Group and

Cambrian rocks in the hanging wall from imbricated
Cambrian–Ordovician sedimentary rocks in the
footwall. Although Sabine (1953) noted numerous
alkaline lamprophyre sills and dykes and peralka-
line rhyolites (‘grorudite’) in the hanging wall but
only a few in the footwall, Goodenough et al.
(2004) found several minor intrusions from peralka-
line rhyolites to lamprophyres in the footwall to the
Ben More Thrust. Although the Cam Loch ‘klippe’
also contains Lewisian basement and Cambrian
quartzites, the thrust that underlies the Cam Loch
‘klippe’ is probably not the same as the Ben More
Thrust as it is usually mapped. The Ben More
Thrust cuts up-section to the west placing Lewisian
basement and cover rocks west over Lewisianþ
Cambrian–Ordovician rocks of the footwall. If the
two thrusts were the same it would have to cut
down stratigraphic section to the west in the trans-
port direction in order to pluck the slice of Lewisian
along the base of the Cam Loch ‘klippe’; see also
recent discussion by R. W. H. Butler in Mendum
et al. (2009, p. 291). The Cam Loch klippe could
either be the leading edge of the Ben More Thrust
sheet or a separate thrust slice placing Lewisianþ
Cambrian quartzite over Durness Group carbonates
in the footwall.

Assynt klippen

Like the Cam Loch Thrust, the thrust along the base
of the Assynt klippen, here termed the Ben Fhuarain
Thrust, is also unlikely to be the Ben More Thrust as
previously mapped (Elliott & Johnson 1980; British
Geological Survey Assynt sheet 2007). The Ben
More Thrust in the east cuts up stratigraphic
section to the west placing Lewisianþ Torridon
Groupþ Cambrian–Ordovician rocks over Durness
Group carbonates in the footwall. If the two
thrusts were the same it would have to cut down
stratigraphic section to the west in order to pluck a
slice of Torridon Group (and a small slice of
Lewisian basement) from deeper levels. This geo-
metry is not permissible for a thrust fault which
has to either follow a flat or climb up footwall
stratigraphic section in the transport direction.

Conclusion

The structural evolution of the Moine Thrust zone in
the Assynt Window is contentious partly because
key localities along some thrusts are poorly ex-
posed and partly because of differences in interpret-
ation of field relationships. The overall sequence of
thrusting along the Moine Thrust zone in the Assynt
region of NW Scotland is thought in general to
be compatible with a foreland-propagating ‘in-
sequence’ motion of the Moine, Ben More,
Glencoul and Sole Thrusts with time. However,
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examples of thrusts that ‘truncate’ folds and struc-
tures in their footwall, and later ‘extensional’
normal faulting overprinting earlier thrusting has
suggested some ‘out-of-sequence’ motion along
many of these thrust faults. It is possible that each
duplex or thrust sheet moved independently and
synchronously along their sole thrusts during the
later stages of emplacement, and it is also possible
that there was more than one phase of motion
along the Moine Thrust.

Although many structural relationships remain
ambiguous, our structural analysis supports the fol-
lowing interpretations: (1) The Sgonnan Mor folds
were probably formed as a result of motion along
the Moine Thrust and not prior to thrusting. The
folds were likely an immediate precursor to faulting
along the Ben More Thrust. (2) The Loch Ailsh and
Borralan alkaline intrusions were intruded simul-
taneously at c. 430 Ma before thrusting along the
Moine and Ben More Thrusts. (3) The Borralan
intrusion and its high-temperature metamorphic
aureole is probably underlain by a thrust, the Borra-
lan Thrust. (4) The flattened and stretched pseudo-
leucites in the eastern part of the Borralan
complex are not magmatic fabrics, but were
deformed as a result of shearing following crystalli-
zation but while the borolanite was still at high
temperature (c. 500–550 8C). (5) The thrust that
underlies the Cam Loch ‘klippe’ (Cam Loch
Thrust) is probably not the same as the Ben More
Thrust. It is probably a separate thrust slice under-
lying the Borralan and Ben More Thrust sheets.
(6) The thrust that underlies the Assynt klippen
(Ben Fhuarain Thrust) also cannot be a lateral equiv-
alent of the Ben More Thrust as previously mapped
(Elliott & Johnson 1980; British Geological Survey
Assynt sheet 2007). It also is likely to be a separate
thrust slice overlying the Sole Thrust sheet and the
Breabag thrust imbricates. (7) Space problems in
balanced sections require one or more unexposed
thrust sheets of Lewisian gneisses to underlie the
Sole Thrust in the central part of the Assynt
Window.

The Assynt alkali intrusions are clearly not late
orogenic intrusions related to crustal extension as
sometimes presumed, but were intruded during
crustal thickening and immediately prior to thrust-
ing along the Moine Thrust zone. Elsewhere,
similar highly alkaline igneous intrusions are
related to continental rifting (e.g. East Africa), pas-
sive margin volcanism (e.g. during the Mesozoic,
in thrust sheets immediately beneath the Oman
ophiolite; Searle 1984), and during and after major
crustal thickening, such as across the Tibetan
plateau and SE Asia during the middle Cenozoic
(Chung et al. 1997, 2005).

Finally, large amounts of post-Moine Thrust
uplift of the western foreland occurred possibly

as a result of rift flank uplift during initial opening
of the Atlantic Ocean. Intuitively, westward
overthrusting of the Caledonian orogen along the
Moine Thrust zone must have resulted in flexure
of the foreland, yet no foreland basin is now pre-
served at the current exposure level to the west
of the thrust zone. We suggest that the Early Palaeo-
zoic foreland basin must have originally existed,
but that 400 million years of erosion, eastward
retreat of the erosional front and Cretaceous-
Cenozoic uplift along the Atlantic margin has
resulted in its complete removal.
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and M. Krabbendam for extremely thorough reviews, and
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provided by National Science Foundation grant EAR
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Abstract: Sections in strongly to moderately curved foreland fold-thrust belts may be restorable,
but retrodeformation of two-dimensional (2D) serial sections produces overlap of their hinterland
ends, making the incompatibility problem obvious. Outward-radiating displacement vectors
predict along-strike stretching that increases toward the outer portions of arcuate foreland fold-
thrust belts. Balancing of curved foreland fold-thrust belts becomes a three-dimensional (3D)
material balance problem, involving non-plane strain. We propose a technique that will solve
the 3D balancing problem if: (1) boundary pin lines, consisting of strike-boundary and normal-
boundary lines, are present and identifiable; (2) a set of constant-length lines can be defined; (3)
a set of section lines is constructed normal to tectonic strike; and (4) a set of boundary and internal
constant-area regions is defined. This technique recognizes as false the unstated assumption that the
deformed and undeformed state coordinate frames are identical. Accordingly, the displacement
vector field of curved orogens does not parallel the deformed state strike normals. Instead,
physically possible displacement vector fields require body rotations about a set of vertical axes
during deformation, indicating that, during deformation, out-of-plane motions occur normal to
the deformed-state strike normals relative to the external deformed-state coordinate frame. The
final position of the plane strain surfaces parallels the deformed-state position of the strike
normals, because they rotate into this position.

The classic work of Peach et al. (1892, 1907)
produced the first set of quality geological maps
depicting the geometry of the Moine and related
crystalline thrusts, and the foreland fold-thrust belt
beneath. High quality geological maps in the NW
Highlands of Scotland and in other foreland fold-
thrust belts worldwide, along with drilling and
seismic reflection data, permit almost quantitative
resolution of 2D thrust geometry. These yield the
common shortened wedge, thin-skinned, ramp-flat,
listric configurations characteristic of thrust belts
that propagate into a wedge-shaped platform
sequence. Foreland fold-thrust belts worldwide are
commonly driven toward continental interiors
either by large crystalline thrust sheets generated
during continent–continent collision, composite-
terrane or arc-continent collision, or by ophiolite
obduction (Fig. 1).

Understanding the process of orogenesis has
involved three different but related approaches:
(1) a first-principles approach through mechanics
(e.g. Chapple 1978; Davis et al. 1983); (2) a
geometric/kinematic modelling approach (e.g.
Marshak 1988; Marshak et al. 1992; Ferrill &

Groshong 1993); and (3) displacement vector field
analysis involving recreation of the displacement
vector field (Geiser in Hatcher et al. 1989; Hindle
& Burkhardt 1999). The focus of this paper is on
the last of these methods and its potential for accu-
rate palinspastic reconstruction of orogenic history.

Critical to this last approach is the construction
of accurate geological cross sections to assist in
understanding the geometry of structures, their
emplacement kinematics and history. The construc-
tion of such sections has been a goal of structural
geologists for more than a century. Late 19th
and early 20th century structural geologists made
use of the principle of down-plunge projection
(Mackin 1950). Early attempts at palinspastic
restoration of cross sections were also made by
Hayes (1891) and Chamberlain (1910) in the
Georgia and Pennsylvania Appalachians, respect-
ively. Bucher (1933) worked with the problem
and, together with the experimental results of
Willis (1893), showed that area balancing will
work as long as the rocks were deformed by plane
strain and 2D sections are constructed in the direc-
tion of transport (Geiser 1988). During the last
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half century, several structural geologists – princi-
pally Laubscher (1962), Bally et al. (1966),
Dahlstrom (1969, 1990), Price and Mountjoy
(1970) and Elliott (1980) – pioneered the modern
concepts of section balancing, and outlined many
of the fundamental rules that are still employed
today for construction of balanced cross sections
(Fig. 2). More recently, Hossack (1979); Hossack
& Hancock (1983), Geiser (1988), and Elliott

(1983) and his students (e.g. Boyer & Elliott 1982;
Wojtal 1986; Woodward et al. 1985, 1986; Wood-
ward 1987; Mitra 1988), as well as many others
(e.g. Elliott & Johnson 1980; Price 1981; Verrall
1982 in Williams and Vann 1987; Davis et al.
1983; Mitra & Namson 1989; Epard & Groshong
1993, 1994) have successfully applied and refined
the original techniques and developed quantitative
methods for sophisticated 2D balancing using both

Crystalline thrust sheet, 
volcanic arc, or

ophiolite indenter

Free surface

α
β

Foreland fold-thrust belt

Lower boundary

Upper 

(Base crystalline sheet) 

Undeformed rigid basement

boundary

A

B

Fig. 1. Primary boundaries of foreland fold-thrust belts. Additional boundary conditions include temperatures ,300 8C
and pressures ,400 MPa. A, Ancient rift fault beneath the crystalline indenter nucleates an antiformal stack duplex that
arches the crystalline sheet; B, Rift fault beneath the platform nucleates a foreland fold-thrust belt thrust. a, dip on
basement beneath foreland fold-thrust belt; b, topographic slope angle.

Fig. 2. Line-length (a) and excess-area balancing (b). In (a), l0 is the line length in the undeformed state; l1 is the line
length in the deformed state. In (b), A is area; S is line length; X is the length of the segment beneath the excess area; Z is
thickness. (b) is modified from Laubscher (l962).
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manual and computer-assisted techniques. Elliott
(1983) also introduced the concepts of ‘viable’ and
‘admissible’ cross-sections: a cross-section is
viable if it can be restored to an undeformed state
consistent with the geometry of the initial stratigra-
phy and fault trajectories; a cross section is admissi-
ble if it is compatible with field and geophysical
data, and the structural style of the region. A
further constraint is that a cross-section must also
be kinematically admissible (Geiser 1988), that is,
the restored section must have fault trajectories
that maintain physical compatibility throughout
the deformation history.

Work by Marshak et al. (1982) and Wojtal
(1992) illustrated that mechanisms for deformation
of individual thrust sheets in the external parts of
foreland fold-thrust belts is dominated by pressure
solution-assisted slip on fractures that is not
limited to the grain scale. By pressure solution-
assisted slip we mean that, although the initial frac-
ture is a brittle phenomenon, motion on the fracture
is accommodated by pressure solution of the
fractured material. This type of deformation acts
as a net macroscopic viscous or plastic (permanent,
non-recoverable) deformation mechanism. In the
more internal parts of foreland fold-thrust belts,
however, grain-scale deformation produced by
pressure solution and dislocation creep becomes
an increasingly important part of the map-scale
deformation process. Moreover, the plane strain
components of movement and emplacement in all
thrust-faulted terranes are controlled by variations
in the shape of the continental margin, stratigraphic
and mechanical properties of the section, and the
nature (geometric and energy characteristics) of
the ‘driver’ that pushes the thrust sheet(s) (Fig. 1).

Statement of the problem

All who have struggled with cross section construc-
tion and balancing recognize that deformation
out-of-the-plane of the section (e.g. Tapponier &
Molnar 1977; Tapponier et al. 1982; Julivert &
Arboleya 1986; Laubscher 1988) renders a 2D
section invalid, unless the deformation directed
out of the plane is partitioned in time so that it is
not coeval with in-plane deformation: the require-
ment of plane strain for constructing viable sections.
Relatively few deformed belts of interest contain
deformations that are readily separated, so 2D
balancing techniques are limited to regions where
deformation is planar and unidirectional. Most fore-
land fold-thrust belts contain segments that can be
analysed using 2D techniques. Even in these rela-
tively linear segments of deformed belts – both
compressional and extensional (see Gibbs 1983;
Williams & Vann 1987; Groshong 1993, for

examples of balancing in areas of crustal extension)
– the focus in successfully developing and exploit-
ing hydrocarbon prospects remains largely a
problem that is best analysed in 3D once the necess-
ary data have been collected. This point cannot be
overemphasized, as it is entirely possible to con-
struct sections that are admissible and viable in
2D, but are not viable in 3D. This is largely due to
lateral incompatibilities in fault number, dip and/
or displacement. We refer to this as the lateral com-
patibility problem. The solution involves either the
laborious use of fault maps to check each 2D
section, or, as Groshong (1999) recommended,
making the initial construction in 3D.

A major problem with our understanding of the
origin of foreland fold-thrust belts is most clearly
illustrated by the difficulty of restoring curved
orogens with displacement vector fields that are
consistent with the requirements of maintaining
physical compatibility throughout the deformation
history. Moderately to tightly curved segments of
mountain chains (oroclines) are most difficult to
balance, because different parts of the same dip sec-
tions contain displacements and areas that cannot be
accurately restored by employing either line or area
balancing methods. The 3D problem is even more
exacerbated because of the apparent changes in
line length (or material volume) from the unde-
formed to the deformed state (Marshak 1988). A
solution to the problem of maintaining physical
compatibility during deformation is possible only
by strict adherence to principles of conservation of
line length (and/or volume), and by demonstration
(or assuming) that one or more mechanisms for
body deformation exist within the rock mass.
Julivert & Arboleya (1986) employed area balan-
cing and 3D experimental models to restore and
determine the emplacement kinematics of the
tightly curved Cantabrian Mountains in NW Spain.

An example of the physical modelling approach
to the problem of curved orogenic belts is that of
Marshak et al. (1992), which explored the use of
experimental and analytical models involving
viscous flow (both Newtonian and non-Newtonian)
to approximate the generation of curved segments of
orogens between obstacles analogous to promon-
tories that impede flow. They also modelled inden-
ters that would drive the thrust systems, and
recognized the importance of the shape of the inden-
ter, stratigraphic thickness, and spacing of obstacles
in the models. Hindle & Burkhardt (1999), employ-
ing total strain and displacement vector field data,
recognized three end-member models for curvature
in foreland fold-thrust belts (Fig. 3): (1) oroclinal
bending of an initially straight belt; (2) piedmont
glacier flow behaviour, with divergent displacement
vectors; and (3) primary arcs, with inherited curva-
ture formed prior to deformation, and uniform
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transport direction, implying plane strain. We note
that all of their models require extension at high
angles to the displacement vectors.

One of the most difficult balancing problems on
Earth is in the tightly curved segment of the Alps in
western Switzerland, southeastern France, and
northern Italy, termed the ‘Ligurian knot’ by
Laubscher (1988). Laubscher has had some
success in balancing this region by employing
what he called ‘semiquantitative considerations of
material balance’ (Laubscher 1988, 1990, 1991).
This allowed him to separate and palinspastically
reconstruct several different events that involve
both strike- and dip-slip motion, with only a small
amount of seismic reflection data. Fortunately,
most deformed belts do not contain such tightly
curved segments, but even in parts of the Alps and
other chains, straight segments contain transfer
zones (e.g. Schönborn 1992a, b) and other problems
that make 2D reconstructions more difficult.

Examples of curved orogens

Cantabrian Mountains and the Cantabrian-Asturias
arc. The Cantabrian Mountains in northwestern
Spain probably represent an end-member case of a
tightly curved foreland fold-thrust belt comprising

the Cantabrian-Asturias arc (Julivert & Arboleya
1986) (Fig. 4a). Deformation has most successfully
been modelled by deforming PlasticeneTM, which
produced thrust faults and thrust-related folds
accompanied by radial folding. Julivert &
Arboleya (1986) recognized that area balancing
(Fig. 1) was the only way to produce viable 2D
cross-sections. They took into account in their
model the slope of the basement surface (a) and
facies changes in some rock units. Deformation at
the scale of individual rock units was assumed to
be brittle based on field data and the overall behav-
iour of thrust sheets. A few thrusts are traceable
around most of the curved orogen, while others
transfer motion to folds or into imbricates with
smaller displacement. Weil et al. (2000) concluded
that the tightly curved arc here was produced by
several events, based on analysis of palaeomagnetic
data, and Weil et al. (2001) identified two events,
one in the Pennsylvanian (east–west compression)
and the other in the Permian (north–south com-
pression) that formed the Cantabrian-Asturias arc
and fold-thrust belt.

Ligurian Alps. Laubscher (1988, 1990) and
Laubscher et al. (1992) described the problem of the
tightly curved segment of the Alps in Liguria, north
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Fig. 3. Conceptual arc formation models. Strains and rotations in map view are illustrated using an initially square grid
and finite strain ellipses (in lavender). Undeformed foreland is shaded in grey. Some grid positions are numbered for
comparison with the deformed grid within the arcs. Finite-displacement vectors in red are superimposed for grid lines 1,
7, and 10. (a) Orocline modelled here as pure bending. (b) Piedmont glacier model with strongly divergent displacement
vectors. (c) Primary arc with parallel transport direction (plane strain) (from Hindle & Burkhardt 1999).
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Fig. 4. (a) Tightly curved thrust pattern in the Cantabrian Mountains in northern Spain (after Weil et al. 2000). (b) Western Alps and related chains, showing the location of the
tightly curved ‘Ligurian knot’ (after Laubscher 1988). A, Aar massif; B, Belladonne massif; M, Mont Blanc massif; E, Engadine window; T, Tauern window; C, Canavese fault; S,
Simplon fault. Dot pattern: austroalpine nappes (and similar structures in the Carpathians); Horizontal lines: Cenozoic extensional basins; Heavy black lines: major dextral fault
zones. (c) Curved thrust belt of the Jura Mountains (after Hindle & Burkhardt 1999).
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Fig. 5. Simplified tectonic index map of the southern Appalachians and map showing faults in the western half of the southern Appalachians. Alleghanian (Late Carboniferous–
Permian) faults (red, with the Whiteoak Mountain fault system shown in blue, the Saltville family in green, and the Pulaski family in brown) in the southern Appalachian foreland
fold-thrust belt. Older faults shown in black. Abbreviations and unlabeled colours in index map: PMW, Pine Mountain window; SRA, Smith River allochthon; SMW, Sauratown
Mountains window; GMW, Grandfather Mountain window; Red, Middle Proterozoic c. 1.1 Ga Grenville basement (brown in main map). Yellow, Cowrock terrane. Pink,
Cartoogechaye terrane. Note that all of the Laurentian margin rocks and other terranes, except the rocks in the most frontal thrust sheet, were deformed and metamorphosed during
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of Genoa, Italy (Fig. 4b). Curvature here is the
product of several dextral transpressive (eo-Alpine)
events beginning in the Late Cretaceous and Eocene,
which accumulated much of the 300 km of west-
ward transport on the Insubric zone. Renewed
dextral movement on related faults (Giudiacare,
Jorio-Tonale, Canavese, and others) during the late
Oligocene to mid-Miocene (meso-Alpine) accumu-
lated the remainder of the displacement and created
the tightly curved ‘Ligurian knot.’ Restoration of
this curved segment requires consideration of the
palinspastic locations of distant tectonic elements
farther east (e.g. Dinarides along the Croatian coast)
to estimate the cumulative amount of dextral motion
in the western Alps. Without this information, it
would not be possible to estimate the large amount
of displacement on the Insubric and related faults.
Because of the large strike-slip component of total
displacement, restoration of 2D cross-sections
would not yield critical information on out-of-
section displacements. Laubscher’s recommen-
dation therefore was that ‘3D material balancing’
of complex crustal segments is required, because
other methods would fail.

Jura Mountains. Hindle & Burkhardt (1999)
recognized that the arcuate shape of the Jura Moun-
tains is partly inherited from the Triassic basin in
which the thrust belt was developed, and the shape
of the western and eastern ends are partly related
to décollement level. Shortening in the Jura is
greater at the ends than in the wider central
portion of the belt. Displacement vectors, and
strain and palaeomagnetic data yield a pattern that
radiates around the Jura arc, suggesting that the
Jura was a primary arc with a component of pied-
mont glacier-type behaviour at the ends (Hindle &
Burkhardt 1999) (Fig. 4c). Note that many of the
displacement vectors are not parallel to the present
strike normal directions.

Southern Appalachians. The problem with retro-
deformed sections in many (most?) curved thrust
belts is that, taken far enough into the hinterland,
they commonly overlap. This certainly is the case
in the southern Appalachians (Fig. 5). The southern
Appalachian orogen consists of a more-or-less

straight segment from southwestern Virginia to
near Knoxville, Tennessee. South of the latitude of
Knoxville, however, the front of the indenter, the
Blue Ridge-Piedmont megathrust sheet, undergoes
a c. 688 rotation, and the entire foreland fold-thrust
belt undergoes a 308 rotation. The trace of the front
of the indenter makes another rotation of 1188 in
NW Georgia, where the front changes strike from
almost north–south to c. N708E (Hatcher et al.
2007a, fig. 3). The number of thrusts in the SW
Virginia to Georgia segment of the foreland
fold-thrust belt reaches a maximum of .10 at the
latitude of Knoxville, and decreases both northeast-
ward and southwestward from this point.

An array of cross sections was constructed
around the Tennessee salient and subsequently
retrodeformed (Figs 6 and 7, and compare with
Hatcher et al. 2007a, figs. 11 & 12a). Different
fault systems can be traced though the cross-section
array from Virginia to SE Tennessee, with smaller-
displacement thrusts terminating within the array. It
is clear from the sections that the master décolle-
ment propagated along the basal Rome Formation
(Lower Cambrian) and ramped across the stronger
carbonate section to higher detachments. This fore-
land fold-thrust belt contains several dominant
faults, for example, Saltville and Whiteoak Moun-
tain, which are present along any cross section in
the belt, but these dominant faults change character
along strike, and movement is transferred laterally
to one or more splays, or to separate faults in the
footwall of the dominant fault. The Whiteoak
Mountain fault dominates the western Valley and
Ridge from Georgia to NW of Knoxville, where it
branches and displacement is transferred to three
branch faults – the Wallen Valley, Hunter Valley
and Clinchport faults. These faults are then trace-
able northeastward into Virginia, where they termi-
nate. Relatively small-displacement, moderate
along-strike length thrusts in the Saltville hanging
wall probably formed out-of-sequence in a domain
otherwise dominated by folding (Rodgers 1953;
and see Hardeman 1966, for details of map relation-
ships) (Fig. 5). Most southern Appalachian foreland
fold-thrust belt thrusts were oversteepened at
present erosion level following NW propagation of
the next more western thrust, and their listric

Fig. 5. (Continued) earlier events, so they consist of Palaeozoic basement and, together with the pre-Palaeozoic
components, make up the indenter in the Alleghanian thrust system. Compiled from Hatcher et al. (2007b). Shortening
(in %) is shown along four restored cross sections that extend from the Plateau to the Atlantic or Gulf Coast (see Hatcher
et al. 1990 for all sections). Small red arrows represent displacement vectors derived from normals to the hinges of
narrow macroscopic folds (compiled from published state geological maps of Alabama (Osborne et al. 1989), Georgia
(Pickering 1976), Tennessee (Hardeman 1966), and Virginia [Johnson 1993]). Red lines represent Alleghanian
(Pennsylvanian-Permian) faults. Blue arrows are displacement vectors determined in the field from mesoscopic
shear-sense or strain indicators; those along the westernmost Cumberland Plateau and Pine Mountain blocks were
determined by Kilsdonk & Wiltschko (1988).
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character is evident in both seismic-reflection pro-
files and cross-sections. The overlapping retrode-
formed sections and map (Fig. 5; Hatcher et al.
2007a, figs. 11 & 12b) point out the difficulty of
understanding 3D deformation in part of any
strongly curved segment of a foreland fold-thrust
belt. Overlapping sections occur in the most
strongly curved segment in SE Tennessee (Fig. 7),
as might be predicted, suggesting the dominant
mechanism for formation of this curved segment
of the orogen was not plane strain, but possibly
the piedmont glacier mechanism of Hindle & Bur-
khardt (1999), or rotation of the displacement
vector field. Palaeomagnetic and calcite twin
studies on Ordovician and Mississippian limestones
by Hnat et al. (2008) suggested the curvature and
thrust population in the southern Appalachians is
related to the outward propagation of thrusts in
front of the advancing Blue Ridge-Piedmont mega-
thrust sheet, indicating curvature of this part of
the Appalachians is oroclinal. This contrasts with
the conclusions from similar studies in the

Pennsylvania salient, where secondary rotation has
occurred after the original oroclinal rotation (Ceder-
quist et al. 2006).

Central Appalachians. Restoration of the Pennsyl-
vania salient is a classic example of the problem
of curved orogens. It also serves to illustrate the
importance of regional finite strain analysis to help
sort out possible deformation histories to explain
the curvature. In this example, finite strain data
can be used to define a family of displacement
vector fields that offer physically possible solutions
for the curvature of the Pennsylvania salient.

Like the southern Appalachians, if the simple
rule of using the strike-normals of fold hinges and
other indicators represent the displacement vector
direction, and if the length of the restored section
is sufficient, there inevitably will be a physically
impossible overlap of the internal (SE) parts of the
sections (e.g. Fig. 7). If we ask ourselves how we
know that this is physically impossible, we find
that we have implicitly used a type of qualitative

Fig. 6. Array of cross-sections through the southern Appalachian foreland fold-thrust belt in the Tennessee salient.
(a) Location of section lines. (b) Sections stacked in order from NE to SW. Compare these sections with those in Hatcher
et al. (2007a, fig. 11). The dominant strong unit is the Knox Group, colored lavender. The master décollement is the
Rome Formation colored yellow); all major faults become listric into this unit on top of basement.
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Fig. 7. (a) Retrodeformed sections from Figure 6. Note that retrodeformed sections 6, 7 and 8 overlap, indicating
incompatibility in the tightly curved segment of the foreland fold-thrust belt. The other sections occur in a straight
segment of the orogen, possibly indicating deformation by plane strain. Red line with each section represents the
original (deformed) length of the section. (b) Map of retrodeformed thrust sheets constructed from the retrodeformed
sections in Figure 7(a). Red lines are the locations of the 2D cross-sections. Compare these retrodeformed sections and
map with those in Hatcher et al. (2007a, figure 12), demonstrating the same incompatibility at the southern end of
the array.
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finite strain analysis to make the thrust sheets fit
into the space predicted by the convergent displace-
ment field. This would require an extraordinary
vertical thickening and lateral shortening of the
stratigraphy in the restored state. Alternative
explanations, such as the bending of an initially
straight orogen by various mechanisms, similarly
make predictions about the regional finite strain
field (Fig. 8; Marshak 1988; Marshak et al. 1992).
Although there are relatively few systematic
studies of regional finite strain (e.g. Fellows 1943;
Cloos 1947; Ferrill & Groshong 1993), the necess-
arily pervasive nature of the markers, for example,
extension joints, stretching lineations and fossil
deformation, permit reasonably quick regional
reconnaissance. The Pennsylvania salient provides
an example where a combination of regional finite
strain studies (Fellows 1943; Cloos 1947) and
reconnaissance work provide the necessary data
for locating a family of displacement fields con-
sistent with both the finite strains and the salient
curvature (Fig. 9).

Alternatively, Gray & Stamatakos (1997)
suggested, based on a combination of structural
and palaeomagnetic data, that curvature in the
Pennsylvania salient is a product of early stage inter-
action of thrust sheets with the deeper foreland
basin (and basin margin–lateral, along-strike strati-
graphic thinning). This was followed by later
rotation as palaeostress trajectories diverged in
opposite directions on the flanks of the salient
under the influence of the lateral taper on the
margins of the basin. Wise (2004) and Wise &
Werner (2004) devised a bidirectional model that
is compatible with the model of Gray & Stamatakos
(1997). This model is based on the idea that the
Reading Prong basement rocks indenter to the NE
were emplaced along a 3258-directed azimuth,
interacting with the foreland stratigraphy. The
Blue Ridge-Piedmont crystalline sheet indenter
was also moving NW but along a 2928 azimuth, pro-
ducing some overprinting of structures that propa-
gated from the Reading Prong deformation. This
produced the curvature in the Juniata culmination

(b) (c)

(a)

Fig. 8. Palinspastic restoration of the Juniata culmination using the ‘stiff layer’ method to find the restored lengths
(Geiser 1988). The displacement vector field uses evidence from regional finite strain analysis (Fig. 9) that supports the
use of constant length strike to locate the displacement vectors. Solutions A and B produce finite strains incompatible
with those found in the salient. Solution C is one of several possible solutions, and is the one preferred. Lack of boundary
pin lines preclude a unique solution (from Geiser in Hatcher et al. 1989.)
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in Pennsylvania under compression, thus eliminat-
ing the need for tangential stretching, which would
otherwise be predicted.

Foreland fold-thrust belt displacement

relationships

Retrodeformation of foreland fold-thrust belt thrusts
and the corresponding indenter thrust sheet (upper
bound) above the basement (lower bound) has per-
mitted us to gain a better understanding of the short-
ening in foreland fold-thrust belts, particularly in the
region of maximum total displacement (Figs 2 &
10). The retrodeformed across-strike displacement
of each thrust sheet through which a 2D section is
constructed across a foreland fold-thrust belt
should have a relationship to the indenter, such that

DTotal ¼
X
n¼i

di � Dind (1)

or

DTotal ¼

ð

i

didx � Dind (1a)

for infinitesimal displacements, where DTotal is
total displacement estimated from retrodeformed
foreland thrust sheets in a 2D cross section, di is
the displacement of individual faults in the
section, and Dind is total displacement on the
indenter in any foreland fold-thrust belt). Equation
1 can be expanded to express the displacements
of individual thrust sheets across the foreland fold-
thrust belt as

D f ¼ d1 þ d2 þ d3 þ � � � þ dn � Dind (2)

for individual thrust sheets in a hypothetical cross
section (Fig. 10). If Df is the width of retrode-
formed foreland thrust sheets placed end to end,
the width of the deformed thrust sheets in the fore-
land fold-thrust belt would sum to less than the ret-
rodeformed width of the indenter plus any blind
thrust sheets beneath the indenter. The indenter,
however, is shortened internally only by out-of-
sequence thrusts during the deformational event
that produces the foreland fold-thrust belt, and
not by internal penetrative deformation, including
layer-parallel shortening strain, so the rigid inden-
ter would not shorten proportionally. Isolated
domes frequently occur in indenter sheets that
probably form by interactive footwall-duplex

Fig. 9. Regional summary of finite strain data from the northern part of the central Appalachians (see references in
original for sources of data) (from Geiser in Hatcher et al. 1989). Note that there is little or no strike-parallel extension.
As discussed in the section on the retrodeformation method, these data are critical for determining the displacement
vector field.
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arching of the advancing indenter thrust sheet
(Hatcher 1991), as it drove foreland fold-thrust
belt deformation in front of and beneath it. These
antiforms form asperities that may locally partially
lock the indenter thrust sheet, transferring motion
to the deforming foreland fold-thrust belt footwall
rocks beneath. This deformation is also probably
responsible for additional tens to .100 km of
shortening. Moreover, layer-parallel shortening
pressure-solution strain in the foreland is not
taken into account. Taking these components into
account,

D
0

f þ D
0

d þ D
0

lps ¼ D
0

ind þ D
0

ost (3)

where D0f is the deformed width of the foreland
fold-thrust belt, D0ind is the displaced emergent
indenter, D0ost is the displacement on any out-of-
sequence thrusts, D0d is the amount of shortening
in the sedimentary section beneath the indenter
sheet and D0lps is the layer-parallel shortening com-
ponent. The equality in Equation 4 still may not be

justified, because of the potential for additional
unaccounted for out-of-section displacements.

The above discussion is strictly for 2D analysis
of a single cross-section across a foreland fold-
thrust belt that assumes plane strain, constant-
volume deformation. The analysis can be extended
to 3D, with section lines transformed into displaced
volumes (Vij) without respect to whether the
segments are curved or straight, and equation 1a
becomes

DTotal ¼

ð

ij

ð
Vij dx dy � D0ind þ D0ost: (4)

These fundamental statements about thrust
displacements in foreland fold-thrust belts, how-
ever, do not address the geometric problem of
restoration of curved segments of thrust belts.
The following section attempts to devise a method
for addressing geometry, incorporating displace-
ment vectors.

Fig. 10. Thrust displacements relative to the indenter in a hypothetical foreland fold-thrust belt. (a) Map view, showing
the location of the cross-section in (b) (black line) and other possible cross-sections (grey lines). (b) Cross-section.
Thrusts are numbered, with thrust 1 being the indenter. White areas represent regions of unknown or no displacement (c)
Retrodeformed section, with D1–D6 representing estimable displacements of the different thrust sheets. White area
beneath the retrodeformed components in (c) represents the undeformed basal detachment.
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A method for the restoration of curved

orogens

Introduction

The standard method for 2D restoration of a section
requires three assumptions: (1) plane strain occurs
along the line of the deformed state strike-normal
sections; (2) displacement vectors for the section
lie in the plane of the deformed state strike
normals; and (3) the units being restored have
undergone constant volume deformation. To
conform to these assumptions, sections are typically
constructed such that the trace of the section is
normal to strike of the units, or in the case of
regional sections, normal to the trace of the fold
hinge surfaces. As long as the orogen is reasonably
straight, there is little problem with issues of com-
patibility when the restored lengths of the sections
are placed on the map. Unfortunately, at least one
or more of the assumptions upon which the restor-
ation is made must break down in curved orogens,
as the normals to the regional strike will converge,
or worse, overlap in the more internal part of the
orogen (e.g. Geiser in Hatcher et al. 1989; Hatcher
et al. 2007a). Fortunately, it is possible to test two
of these assumptions, plane strain and volume
loss, using strain markers indicating tectonic strike-
parallel extension. Such markers are common in all
orogens and include such things as joints, deformed
oöids and fossils (e.g. Cloos 1947, 1971; Geiser &
Engelder 1983). Measurement of these features
and estimates of the associated extensional strain
can easily be done on a reconnaissance basis
(Fig. 8). Tectonically driven volume loss is more
difficult to assess quantitatively, but qualitative evi-
dence for volume change, for example evidence for
extensive pressure solution, can be assembled
during field reconnaissance. This can be combined
with other strain data, for example, calcite twinning
(Geiser & Engelder 1983; Ferrill & Groshong 1993)
to determine the finite strain.

As was shown by Geiser (1989 in Hatcher et al.
1989), the solution to the problem of the retrodefor-
mation and restoration of curved orogens lies in
testing the assumption that displacement vectors
are constrained to parallel the strike-normal
section lines. Once the displacement vectors are
no longer constrained by this assumption, it
becomes possible to find solutions that are phys-
ically possible and compatible with the finite-strain
data (Fig. 9). An extra degree of freedom, a body
rotation of the rock mass about a vertical axis, is
necessary in order to achieve these results. With
the proper boundary conditions a unique solution
can be found, although, in the case of the Juniata
culmination, for reasons we will discuss, only a
family of possible solutions could be found rather

than a unique solution. It is important to note that
defining the displacement vector field provides no
information on timing. Clearly, if available, palaeo-
magnetic data can provide the missing constraint.
For example, for the Juniata Culmination, existing
palaeomagnetic data (e.g. Cederquist et al. 2006)
suggest that oroclinal bending occurred first and
was followed by late Palaeozoic remagnetization
during late folding, but these data alone cannot
provide a solution of the retrodeformation problem.
A further implication of allowing body rotations as
part of the retro-deformation process, is that it is
likely that there are structural elements imposed
by the rotations and not previously recognized,
which may be retained as part of the fabric and
can be used to delimit possible solutions.

In the following section, we outline a more
formal exposition of this method for determining a
physically compatible displacement vector field.
Moreover, we show that, if the geometric and
kinematic boundary conditions are known, a
unique solution can be found from map data alone.

Method for constructing the displacement

vector field

Restoration elements

The first step in the procedure is to subdivide the
orogen into regions defined by a set of restoration
elements that can be transformed from the deformed
to the restored state, while maintaining physical
compatibility. To illustrate the technique, we have
chosen a map of the hinge traces of the Monterrey
fold belt from Marshak (2004) (Fig. 11) on which
we have superposed a set of ‘section lines’ con-
structed normal to the hinge traces. For purposes
of illustrating the method, we assume that we have
measured the strain parallel to the hinge traces and
have found that there is no extension in this
direction; similarly, there is no evidence for defor-
mation-related volume change. Thus we assume
no out-of-plane movement parallel to the hinge
traces, although, as we shall show, it is straight-
forward to include extension in the analysis. Deter-
mining the displacement vector field requires the
following elements (Figs 11 & 12): (1) boundary
pin lines, consisting of strike boundary and normal
boundary lines (Fig. 12); (2) a set of constant-length
lines (CLL; Figs 12 & 13); (3) a set of section lines
constructed normal to tectonic strike (strike-normal
lines Figs 12 & 14) along which the geological
cross sections are constructed that will be used for
restoration; and (4) a set of boundary and internal
regions (Fig. 12).

We use these elements to subdivide the orogen
into regions defined by the constant-length lines
and the strike-normal lines. For the plane strain
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case, constant-length lines maintain their length
throughout deformation (Fig. 12). Alternatively, if
there is extension parallel to tectonic strike, the
restored-state constant-length line is multiplied by
the extension estrike ¼ Dl/lo, where estrike is the
extension determined in the field.

The deformed state regions are map projections
of the deformed state onto the plane of the restor-
ation map (Fig. 15). During transformation the
deformed state regions (the yellow and blue quadri-
laterals in Figs 12 & 13) maintain their area but

differ in their shape and position from that of their
deformed state (Transformation step of Fig. 13),
while the translation step (Fig. 13) restores the
area shortened by folding and/or faulting.

Although the method we describe does not
require boundary pin lines, without them a unique
solution to the displacement vector field cannot be
found from map data alone. The boundary pin lines
are constructed at the edge of the fold belt where
there is no displacement and thus no length
change. The deformed state regions grid consists of
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Strike-boundary pin line

Normal
boundary
pin line

Fold hinge

Boundary
pin line

Section line: Strike-
normal lines

Constant-length
strike lines

Fig. 12. Deformed-state analysis of Monterrey fold belt showing restoration components. Numbering refers to
sequence of restoration. Regions 1 and 2 are examples of boundary constant-area regions, while 9 and 16 are internal.

Fold hinge
trace

Strike-normal
lines

50 km

Fig. 11. Traces of fold hinges in the Monterrey fold belt, northern Mexico, chosen for illustration of method for salient
restoration (after Marshak 2004).
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two types of regions (Figs 12 & 14): (1) boundary
regions defined by one or two boundary pin lines,
a section line, and two constant-length strike
lines (Fig. 14, regions 1, 2, 3, 5); and (2) internal
regions formed by two strike normal lines and
two constant-length strike lines (Fig. 14, regions
4 and 6).

Retrodeformation

The grid of regions in Figures 12 and 14 is defined
by the two constant-length lines ln and lnþ1, which
either retain their lengths throughout deformation
or have a known extension (estrike), and two

section lines Li and Liþ1 parallel to the deformed-
state section lines (Fig. 13). Retrodeformation, as
we define it, is a two-step process (Fig. 13b): (1)
Transformation of the shape of the constant-area
element Ai (Step 1 to Step 2, Fig. 13b) producing
a change in shape but not the area (Ai) of the
region; and (2) Translation of the next most internal
CLL (line l2, step 2 to step 3, Fig. 13b). This step
restores the original area Ax to the region that was
accommodated by folding and faulting.

Transformation results from the rotation of line
l1 induced by the application of vectors V1 and V2

given by the restoration of adjacent more external
region, for example, restoration of region 8 relative
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Fig. 13. (a) Method for locating displacement vector. V1 and V2 are the displacement vectors of immediately adjacent
– but more external – deformation elements, that is, to the left of element shown; li is the constant length strike line. Ldi

is the length of displacement vector V2. The location of V2 is the intersection of the arc with length Ldi (black) with the
arc with the length li (red). (b) Constant-area construction components and retro-deformation of a deformed-state
element to its restored-state image. The Ai are the areas of the deformed state map projections of the deformation
element (see Fig. 15). Ax is the restored area derived from the line length restoration of the horizon for which the
displacement vector field is being determined. l1 and l2 are constant length strike lines. Li and L0iþ1 are strike normal lines
along which the sections are constructed. These lines are the strike normal boundaries for the next adjacent along-strike
constant-area element. Transformation: Step 1 to Step 2. Translation: Step 2 to Step 3.
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to region 9 (Fig. 12). The accuracy of the results
depends on the spacing between strike-normal
lines, which control how close an approximation
the CLL straight lines are to any strike line cur-
vature. Curved CLL can be used but requires the
additional assumption that the curved CLL restores
to a straight line of the same length.

Translation is the product of the line length res-
toration of the deformed-state sections. This results
in an increase (Ax) of the area of the deformed state
region. The restored area is defined by the displace-
ment vectors Vi (translation step in Fig. 13). The
length of the vectors (Vi ¼ L0i – Li, Fig. 15) is
given the line length restoration of the deformed-
state section parallel to the strike-normal lines.
The method for determining the direction of the
vectors is shown in Figure 13a. Note that as long
as the horizon is representative of the stratigraphic
package of interest, it is necessary to restore only
a single horizon in the section, not the entire section.

Calculation of transformed shape. Calculation of
the transformed shape of any element (Fig. 16)
requires knowing: (1) The area Ai of the map projec-
tion of the region (Figs 13 & 15); (2) Constant-
length strike lines (l1, l2); (3) Both the initial (Li )
and restored length (L0i); (4) The angle Q0 between
the lines l1 and Li; and (5) The displacement
vectors Vi and Viþ1 that rotate l1 to change Q to
Q0 (Fig. 13).

The displacement and rotation of the constant
length strike lines by the displacement vectors
result in change in the angle Q (Fig. 13b). In
addition the line Li undergoes a shape change and
extension ei to L0i. The extension ei is the result of
the transformation of the previous more external
element, for example, region 4 by region 3, region
6 by region 5, etc. (Fig. 14). We refer to the
change of Q to Q0 and the extension eL applied to
Li as a transformation of the region (Step 1 to step
2, Fig. 13b). The extension eL ¼ (L0i – Li)/Li, is

Fold hinge

Boundary
pin line

Strike-normal
lines

CLL: Initial position

CLL: Transformed

CLL: Translated

Restored stateDeformed state
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b

c

a

b

c
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2
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5' 6'

1
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5 6

Fig. 14. Method of restoration of internal (4 and 6) and boundary (1, 2, 3, 5) regions. Regions 1, 3, and 5 are
bounded on their left by a normal-boundary pin line (line ab), which does not undergo extension during restoration.
Regions 1 and 2 have strike boundary pin lines (line bc) that do not undergo translation during retrodeformation.
CLL, Constant Length Lines.
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applied uniformly to all lines parallel to Li. The
value of the extension is given by the difference
between the deformed length (Li) and the trans-
formed length (L0i) of each Li.

The strike normal line Li is transformed to its
new length L0i with its shape given by the boundary
of its immediately adjacent region, for example, the

left hand boundary of region 40 is given by region 30

(Fig. 14). Note that the end of this boundary (L0i)
also gives the location of one (e.g. V1, Fig. 13a)
of the two displacement vectors required for the
translation of the CLL of the transformed region,
for example, l2 (Fig. 13b), to its restored state pos-
ition (step 3, Fig. 13b).

Fig. 15. Schematic diagram showing an overview of the retrodeformation process: (a) shows the projection of the map
onto a region with area Ai and bounded by l1, l2, Li and Liþ1. This is the deformed state region (b). (c) shows the
retrodeformed state after the operations shown in Figure 14 have been applied. Note that the length of the vectors
Vi ¼ L0i – Li.
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Fig. 16. Diagram for solution of angle Q0 derived from general quadrilateral formed by restoration elements.

SOLUTION OF 3D BALANCING PROBLEM IN CURVED SEGMENTS OF OROGENS 421



We now need to find the angle F0 (Fig. 13b,
step 2). Finding a solution requires that the area of
the region being restored retains its area Ai in the
transformation from step 1 to step 2 (Fig. 13b).
Given a regular quadrilateral (Fig. 16) and
knowing I1, I2, L01, Ai and Q0, a solution for F0 is
given by the following trigonometric analysis of
the restoration elements. Given sides I1, L01, I2,
area Ai of the rectangle and angle Q0 between
lines I1 and L01 determine angle F0 ¼ b1þ b2

between lines L01 and I2. Area Ai ¼ A1þA2 where
A1 and A2 are the areas of the two corresponding
triangles. a, I1, L01 and angle Q0 satisfy:

We now need to find the angle Q0 (Fig. 13b,
step 2). Finding a solution requires that the area
of the region being restored retains its area Ai in the
transformation from step 1 to step 2 (Fig. 13b).
Given a regular quadrilateral (Fig. 16) and knowing
l1, l2, L1

0, Ai and Q0, a solution for F0 is given by
the following trigonometric analysis of the restor-
ation elements. Given sides l1, L1

0, l2, area Ai of the
rectangle and angle u 0 between lines l1 and Ll

0, deter-
mining angleF0 ¼ b1þ b2 between lines L1’ and l2.
Area Ai ¼ A1þA2 where A1, and A2 are the areas of
the two corresponding triangles. a, l1, L1

0, and angle
Q0 satisfy:

a2 ¼ (l1)2 þ (L0I)
2 � 2(l1)(L0I) sin(Q0)

Solving for a:

a ¼ [(l1)2 þ (L0I)
2 � 2(l1)(L0I) sin(Q0)1=2]

Compute A1:

A1 ¼ [(l1)(L0I) sin(Q0)](2)�1

A1 also satisfies:

A1 ¼ [a(L0I) sin(b1)](2)�1]

Solve for b1:

b1 ¼ asin(2A1=a(L0I))

From the definition of Ai, A1 and A2:

A2 ¼ Ai � A1

A2 also satisfies:

A2 ¼ [a(l2) sin(b2)](2)�1

Solve for b2:

b2 ¼ asin(2A2=(al2))

By definition

F0 ¼ b1 þ b2 (5)

This restriction means that both the deformed and
restored state regions grid must consist of regular

quadrilaterals that approximate the curvature of the
strike-normal and CLS lines (e.g. Fig. 14). Note
that the regions, while retaining their area during
retrodeformation, will generally undergo some
extension, which must be accommodated by rotation
relative to both internal and external coordinate
frames.

Construction of restored state map

For a unique solution, it is necessary to start with a
boundary region that has both a normal and a strike-
boundary pin line (e.g. region 1, Fig. 14). The reason
for this is that for internal regions (e.g. region 4 of
Fig. 14), the transformation of Liþn to L0iþn requires
knowing the length and shape of L0iþn 2 1, which in
turn requires the transformation of two of the adja-
cent regions, for example, regions 2 and 3
(Fig. 14). If the adjacent region is also an internal
one, the transformation of L0iþn 2 1 cannot be deter-
mined, as it is similarly dependent. The solution to
this problem is to use boundary regions that have a
normal-boundary pin line as a side (e.g. regions 1,
3, 5, etc.; Fig. 14). These are normal boundary
regions. The normal boundary regions allow a
unique solution to be found for the retrodeformation
that gives the restored state regions.

Restoration sequence. The restoration sequence is
dictated by the boundary elements. One possible
sequence for the retrodeformation of the Monterrey
fold belt is shown in Figure 12. Only the sequence
for the first 18 of the regional retrodeformations is
shown. The scheme for the restoration is controlled
by the requirement that both Li and L0i must be
known. Thus, for the first elements to be restored,
all must have one side as a normal-boundary
pin line.

Displacement vector field for the Monterrey

fold belt

We illustrate application of the method to the map of
the Monterrey fold belt (Macedo & Marshak 1999;
Marshak 2004). Although the resulting palinspastic
restoration shows the displacement vectors for res-
toration, they are simply the inverse of the defor-
mation displacement vector field, that is, they
differ only in direction; magnitude and orientation
remain the same. The restoration is semi-schematic
as we make the following assumptions: (1) the map
shows the hinge traces of folds; (2) the length of
each displacement vector is estimated by assuming
that shortening for each hinge trace crossed by the
section line is about 5%; (3) the area of the restored
and deformed state elements are approximately
correct, and that any small departures have little
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effect on the outcome; and (4) the map being
restored is treated as a single arbitrary horizon.

The results shown in Figure 17 are as follows: (1)
Gaps occupied by displacement vectors represent
the area of the deformed element that is folded
during deformation. (2) The boundaries of the
restored elements depart from the deformed state
section lines showing that the deformed state
normals to strike do not define the displacement
vector orientation, but simply the deformed state
location of lines parallel to particle motion. (3) In
order to maintain physical compatibility during
deformation, in addition to translation, the rock
mass must undergo varying amounts of rotation
about a set of vertical axes. Effectively, this
means that the locus of plane strain rotates during
deformation relative to a coordinate frame fixed
with respect to the deformed state. Thus, during
deformation there is out-of-plane particle motion
normal to the deformed state strike normal lines.
One implication is that accommodation of the
required rotation by the rock mass should be
reflected in the structural fabric by evidence of
strike slip motion.

Our analysis of the Monterrey fold belt shows
that, in the case of at least some curved orogens,
two of the three assumptions for the restoration of
these orogens break down. The two failed assump-
tions are: (1) the location of the displacement
vectors is given by the deformed state location of
the strike normals, and (2) the deformed state
strike normals are the location of plane strain sur-
faces throughout deformation. The failure of these

assumptions is due to the failure of the deeper
implicit assumption that the deformed and unde-
formed state coordinate frames are identical.
Instead, relative to a coordinate frame fixed with
respect to the deforming rock mass, the surfaces of
plane strain are parallel to the strike normal of this
system throughout deformation, and therefore at
the end of deformation, coincide with the deformed
state strike normals.

Discussion

The model for retrodeformation of the Monterrey
fold belt discussed above represents a higher level
of complexity, but permits quantification of 3D ret-
rodeformation of a real foreland fold-thrust belt that
contains critical parameters for retrodeformation.
The other examples discussed earlier would
mostly not be amenable to application of this tech-
nique without extensive modification of the
method or inclusion of additional data. The main
reason is that in none of the examples presented
earlier, except possibly the Jura Mountains, is it
possible to readily construct a normal-boundary
pin line. The deformation process in the Jura also
appears relatively simple, with plane strain domi-
nating. The southern Appalachian example is very
asymmetric with a strongly curved segment to the
southwest and a straight segment to the NE that
overlaps another straight segment belonging to the
central Appalachians. The Georgia-Tennessee
segment of the Appalachians probably formed by
a greater amount of heterogeneous deformation

Strike-boundary pin line

Normal-
boundary
pin line

Fold hinge

Boundary
pin line

Displacement
vector

Section line: Strike-
normal lines

Constant-length
strike lines

Fig. 17. Semi-schematic palinspastic restoration of Monterrey fold belt showing the restored-state
displacement vectors.
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(plane strainþ piedmont glacier). The tightly
curved Ligurian Alps are the product of more than
one Alpine orogeny (eoalpine and mesoalpine oro-
genies of Trümpy, 1973), and motion directed
both normal and parallel to the trend of the chain.
Any attempt at retrodeformation must be done in
4D, incrementally subtracting the deformation pro-
duced by each younger deformation from the pre-
vious one, but there is no simple route to a
solution (Laubscher 1988). The Cantabrian-Asturias
arc probably represents the end member in
maximum curvature, so an ordinary plane strain
model may not work, but the method described
here that assumes plane strain, takes rotation into
account, and involves closely spaced cross-sections,
has a better chance of success, because several
Variscan deformation processes (and events?)
combined to produce curvature.

Forward modelling of an outward-propagating
foreland fold-thrust belt can be useful in

understanding the evolution of a foreland fold-thrust
belt in terms of both its structural and sedimentolo-
gic history (Fig. 18). Several assumptions can be
made to keep the system manageable: (1) plane
strain; (2) thrusts are propagated with an equal
spacing; and (3) uniform displacement in a thrust
block as each new thrust forms. Justification of
these assumptions resides in the occurrence of
regular spacing of thrust faults in several foreland
fold-thrust belts. Wiltschko & Eastman (1983),
Bombolakis (1986) and Mandal et al. (1997)
suggested that basement topographic surface irregu-
larities can focus thrust nucleation and influence
thrust spacing (see also Krabbendam & Leslie
2010; Leslie et al. 2010). Dixon (1982) pointed
out, however, that the regular spacing of thrusts in
the Idaho-Wyoming-Utah thrust belt developed
over a featureless basement surface, so other
factors must be involved. Liu & Dixon (1995)
suggested that spacing of thrust ramps in duplexes
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Fig. 18. (a) Generation of an outward-propagating series of thrust faults by plane strain. Each of the thrusts propagated
symmetrically at the same spacing, and the line length in the curved limbs of each successive thrust (t1, t2, . . .) become
longer, with changing angles with the primary thrusting direction, but the volume in the angular reaches remains
constant. (b) Generation of a similar sequence to (a) of outward-propagating thrusts to (a), but with the angle between
the primary thrusting direction and the curved limbs remaining constant. Line length is similarly not conserved, but this
model requires that the thrust segments in the primary thrust direction become shorter.
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is linearly related to the thickness of strata involved
in the duplex. They also concluded that buckling
instability in layered assemblages can produce
stress concentrators that result in regularly spaced
thrust ramps, but Cello & Nur (1988) concluded
that pore fluid pressure and depth to the detachment
are the factors governing spacing of thrust sheets.
Thickness of the strong structural-lithic unit has
also been shown experimentally to be a factor in
determining size and spacing (Mandal et al. 1997).

Two models employing these parameters can be
formulated: (1) variable angles of curved segments
at the ends of the thrusts (Fig. 18a); and (2) constant
angles (e.g. 458) of curved segments at the ends of
thrusts (Fig. 18b). Curved thrust belts are generated
in both models, but, while volume must be con-
served in 3D, neither conserve line length at the
ends – necessary for generating the curved belt.
This model supports the conclusion of Ferrill &
Groshong (1993) that plane strain was the dominant
mechanism for formation of the straight parts of the
curved French northern Subalpine Chain.

All of the models discussed in this paper demon-
strate that curved segments of orogens can be gener-
ated in very simple systems, employing several
assumptions, and an indenter that provides the back-
stop needed to form an outward-propagating thrust
system. A foreland fold-thrust system should also
retrodeform to a viable configuration (Elliott
1983). Natural fold belts are rarely this simple,
and rarely do thrusts terminate in the manner
shown in these models. Most thrusts in foreland
fold-thrust belts terminate by decreasing displace-
ment either through transfer to another thrust, into
folds, or by decreasing displacement to zero along
the same fault. The latter provides some similarity
to the models in Figure 18, but many (most?)
thrusts in foreland fold-thrust belts decrease displa-
cement to zero along strike.

It is clear that a better 3D scheme must be formu-
lated for retrodeformation and balancing the defor-
mation in complexly deformed foreland fold-thrust
belts and other thrust-faulted terranes. Computer-
assisted balancing 3D programs are currently
limited because of the limitations of deformation
processes that can be written into a computer
program. Even sophisticated finite-element analyses
of foreland fold-thrust belts (e.g. Stockmal et al.
2007), are still limited to 2D.

Possible solutions are to: (1) construct balanced
2D cross sections through short, across- and along-
strike segments of foreland fold-thrust belts, and
(2) construct and analyse displacement vector (par-
ticle trajectory) maps around curved segments
of foreland fold-thrust belts. A specific fabric
element that translates to map-scale displacement
vectors does not exist, but several kinds of structures
may be used to reconstruct displacement vectors.

Unfortunately, populations of usable structures are
limited and unevenly distributed. Determination of
regional displacement vectors remains the key start-
ing point, however, because they track finite strain
and provide paths for retrodeformation of curved
segments of orogens.

Conclusions

1. Retrodeformation and attempts to balance por-
tions of linear foreland fold-thrust belts are
more readily attainable than in curved seg-
ments. Plane strain parallel to the deformed
state strike normal lines can reasonably be
assumed in linear foreland fold-thrust belts,
making 2D sections amenable to line and
area balancing.

2. Total displacement of thrusts along any 2D
section or 3D block in a foreland fold-thrust
belt is less than the total displacement of the
indenter that deformed the foreland.

3. We propose a technique that will solve the 3D
balancing problem, if the following conditions
are met: (1) boundary pin lines, consisting of
strike boundary and normal boundary lines,
must be present and identifiable; (2) a set of
constant-length lines can be defined; (3) a set
of section lines must be constructed normal to
tectonic strike; and (4) a set of boundary and
internal constant–area regions must be
defined. Curved faults and folds can be
forward modeled by using boundary pin lines
and displacement vector fields, which involve
body rotations about vertical axes, thereby
allowing displacement vectors to depart from
parallelism during deformation.

4. This technique recognizes that in many cases
the previously unstated assumption is false
that the deformed and undeformed state coordi-
nate frames are identical. Accordingly, the dis-
placement vector field of curved orogens does
not parallel the deformed state strike normals.
Instead, physically possible displacement
vector fields require body rotations about a
set of vertical axes to occur during defor-
mation. This condition means that relative to
the external deformed-state coordinate frame,
during deformation out-of-plane motions
occur normal to the deformed state strike
normals. The reason the final position of the
plane strain surfaces parallels the deformed-
state position of the strike normals is because
it rotates into this position.

5. Various 2D solutions to the balancing problem
have been proposed, but they generally fail.
It may be, however, that our restoration prin-
ciples are incorrect; in particular, the assump-
tion that the displacement vector field parallels
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the deformed-state strike-normal directions
may be flawed. Computer software exists that
attempts 3D balancing, but currently is limited
because of difficulties in writing computer
codes that can incorporate both multiple rheo-
logies (more than Coulomb) and varied
material properties. The obvious solution is to
employ Laubscher’s 3D material balancing
principles in both foreland fold-thrust belts
and orogenic interiors, although the imple-
mentation of the principles may not be easy.

6. Displacement vector maps, combined with
numerous finite strain measurements, can help
with 3D balancing of curved regions. Variations
in material properties and other elements within
a foreland fold-thrust belt create limits to a
precise solution to the problem.

The cross-sections and retrodeformed map in Figures 6 and
7 (slightly modified here) were constructed in 2008 as part
of a graduate-level structural geology course at the Univer-
sity of Tennessee – Knoxville by J. Langille, E. Hogan,
P. Derryberry, D. Gaines, Ching Tu, B. Davis, E. Lee
and M. Huebner. Support for this research by
R. D. Hatcher has been provided by the US Department
of Energy National Petroleum Technology Laboratory
(Contract DE-FC26-02NT15341), the University of Ten-
nessee Science Alliance Centre of Excellence, several
grants from the USGS-administered EDMAP program,
and several U.S. National Science Foundation grants.
Comments by D. Wise, an anonymous reviewer and
M. Krabbendam, the book associate editor, resulted in sub-
stantial improvements to the manuscript. The authors,
however, remain culpable for all errors of fact or
interpretation.
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Abstract: Ben Peach and John Horne contributed to a revolution in the visualization of stratigra-
phy and structures using geological maps and cross-sections. In the century since their pioneering
fieldwork, the analysis of map structures and the restoration of folds and faults in cross-sections
have played a key role in enabling generations of structural geologists to develop theories of
displacement and deformation in orogenic belts. However, classical printed maps have practical
limitations. They are often inaccessible, they may be difficult to interpret and they are expensive
to update when errors or new data come to light. Today, a new wave of the geological mapping
revolution is in progress thanks to interactive geo-browsers such as Google Earth, which are
opening up possibilities for tectonic visualization that were inconceivable only a decade ago.
We discuss the digital deconstruction of classical geological maps of the British Isles and
Ireland, such as those by William Smith, Sir Archibald Geikie, Ben Peach & John Horne, and
others, and we demonstrate how Google Earth and Google SketchUp can turn the digitized versions
of these maps into truly four-dimensional spatio-temporal visualizations.

Generations of British and Irish university students,
as well as some students from farther afield, learned
to make geological maps during undergraduate
mapping assignments in such regions as western
Scotland, North Wales and western Ireland.
Standard stratigraphic and structural field methods
were handed down through the generations from
the original works of Steno (1669), Packe (1743),
Hutton (1788), Smith (1815), Lyell (1830), Peach
et al. (1907) and many other pioneers. In the 19th
and 20th centuries, geologists and their students
learned to locate themselves on the Ordnance
Survey topographic base map by pace and compass,
by recognizing landmarks, or by taking bearings and
triangulating. They measured stratigraphic thick-
nesses with a tape measure and structural orien-
tations with a compass-clinometer. Data were
usually penciled onto field slips (or air photographs
when the latter became available) and observations
written in field notebooks. In the later part of
the 20th century, layers of transparent polyester
(mylar) sheets were placed over field slips and fair
copy maps were carefully drawn, and frequently
redrawn, by hand on the mylar sheets (Fig. 1a)
with the aid of french curves and stencils. Transfer
lettering sheets (Fig. 1b) and precision drafting
pens (Fig. 1c) replaced Victorian dip pens and
stencils (Fig. 1d). Nevertheless, until recently the

emphasis was very much on low-tech methods
that combined individual field observations with
traditional map-making craftsmanship.

Classical field methods still have definite endur-
ing pedagogical value, but they also have significant
limitations (cf. Jones et al. 2004; McCaffrey et al.
2005). The number of authors who can collaborate
on a map is limited by logistics. A map might
be authored by one person or by 21, but never by
a thousand collaborators. Once the field season is
ended, data tend to get locked away in repositories
that are difficult for others to access. Field slips
and notebooks are usually stored in the original
author’s desk. Fair copy maps are folded into envel-
opes in the backs of bound theses. Meticulously
prepared maps are stored in map drawers or map
rolls and very few ever make it all the way to
printed production. Of all publications, those few
must have the highest production cost per reader.

There are other limitations to classical map-
making that are of a less practical, more fundamen-
tal nature. Scientific data presented in map form are
much more difficult for independent scientists to
verify than, say, physical or chemical experiments.
There is no direct link between the interpretation
presented on a map and the supportive evidence
residing in the geologist’s field slips, notebooks,
photographs and specimen collections. The main

From: LAW, R. D., BUTLER, R. W. H., HOLDSWORTH, R. E., KRABBENDAM, M. & STRACHAN, R. A. (eds) Continental
Tectonics and Mountain Building: The Legacy of Peach and Horne. Geological Society, London, Special Publications,
335, 429–441. DOI: 10.1144/SP335.20 0305-8719/10/$15.00 # The Geological Society of London 2010.



test of a map occurs when its author leads a confer-
ence field excursion and invites colleagues to
judge for themselves by visiting the outcrop. Only
a handful of scientists get to witness any expression
of doubt or participate in any debate. Problems with
map interpretations are rarely discussed in the peer-
reviewed literature and even when a map’s author
recognizes and acknowledges an error, it is usually
too expensive to correct and reprint the map.

GPS – GIS – GES

Computer-based methods of map-making (e.g.
Whitfield 2004; McCaffrey et al. 2005) have gradu-
ally grown in popularity since the last decades of
the 20th century, following the development of
GPS by the US Department of Defense, the
Raytheon Corporation, and the Aerospace Corpor-
ation (Lazar & Mueller 1990; Getting 1993;
Getting & Kleppner 1994), and the invention of
GIS by Roger Tomlinson and Lee Pratt of the
Canada Land Inventory in the 1960s (Tomlinson
1962, 1989, 2007). The tipping point came in
2000 when US President Bill Clinton ordered the
intentional military scrambling of GPS signals to
be turned off and, overnight, handheld GPS devices
became a useful tool for field scientists as accuracy
in position increased from 100 m or more to 10 m or

less. GIS visualizations were initially projected flat,
like traditional maps, but at the turn of the millen-
nium computer scientists developed the first spheri-
cal geo-browsers. The concept of a ‘digital Earth’
browser was popularized by US Vice-President
Al Gore in 1998 and the earliest implementation,
World Wind, was released by NASA in 2001.
World Wind combined existing flight simulator-
style navigation capabilities with the ability to
quickly download satellite imagery from fast
terabyte servers. The software company Keyhole
Technology Inc. developed an application that
added many features to NASA’s prototype – most
notably the Keyhole Markup Language (KML), a
dialect of eXtensible Markup Language (XML).
The application was sold to GoogleTM Inc. and
released as Google EarthTM in 2005. It has become
the ‘iPod’ of geo-browsers, based on its popularity,
ease of use, and the extensibility of KML. One
feature of KML allows maps and other graphics to
be draped over the three-dimensional (3D) Google
Earth terrain. KML also allows the importation of
3D ColladaTM models (De Paor 2007a) that can be
constructed with modelling programs such as
Google SketchUpTM (Khronos Group’s Collada is
also an XML-based scripting language). Models
may be used to display cross-sections, drill core
data, seismic data, etc. The possibilities for

Fig. 1. Mapping technology prior to the personal computer. (a) Mapping onto mylar (source http://www.uky.edu/
KGS/mapping). (b) Transfer lettering (source http://www.Letraset.com). (c) Drafting pens (source http://www.
Rotring.com). (d) Stencils (source http://www.Rotring.com).
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‘Google Earth Science (GES)’ are only beginning to
be recognized (De Paor 2006, 2007b; McCaffrey
et al. 2008; De Paor & Whitmeyer 2009).

In the future, field geologists will doubtless use
ever more sophisticated GPS devices with built-in
mobile computers, such as Trimbles (Fig. 2a;
from Trimble Navigation Ltd.), to make geological
maps and most viewers will use geo-browsers
such as Google Earth or GPS programs such as
Environmental Systems Research Institute Inc.’s
ArcViewTM to view them (Fig. 2b). Digital data
will be transferred directly from the 4D geogra-
phical space of latitude/longitude/altitude/time to
the 4D Google Earth space of pan/zoom/tilt/play.
During the current period of transition from classi-
cal to fully digital map-making, it is vitally impor-
tant that the traditional data not be lost and that
outstanding pioneering work not be forgotten. The
Leeds University School of Earth and Environment
web site (http://earth.leeds.ac.uk) is pre-eminent
in this effort.

Map inversion

The making of new maps using digital methods
has received much attention in the literature (e.g.
Soller & Berg 1995; Soller 2002; Whitfield 2004;
Bond et al. 2007). Map inversion was defined by
De Paor & Sharma (2007) as the process of
migrating paper maps, cross-sections, memoirs,
etc. to a digital globe base. This process involves
(i) scanning hard copy maps (many large format
plotters can be used as scanners) and saving them
as standard computer image files such as .jpeg,
.png or .tiff files at the highest practical resolution;
(ii) making the map background transparent (giving

it an alpha-layer); (iii) separating legends, insets,
cross sections and even individual formations
using Adobe PhotoshopTM or similar image proces-
sing software; and (iv) creating ground overlays
(images that are draped over the terrain; Fig. 3),
screen overlays (flat panels that hover over the
globe), solid models, etc.

When migrating a geological map, its north
arrow and scale bar are discarded, as they
serve no useful purpose in the zoom-able, tilt-able
geo-browser setting. The direction of true north is
indicated by the Google Earth user interface
(Fig. 3) and the distance between any two points
may be measured using the Google Earth ruler.
Furthermore, a menu option permits the viewer
to superimpose a grid on the globe if such is needed.

Ideally, every datum on a deconstructed map
should be individually selectable and findable by
searching the KML file. In this study, we have
taken only the first step of scanning and saving
map and cross-section data as .jpeg files.

Keyhole Markup Language

Keyhole Markup Language (KML) is a dialect of
eXtensible Markup Language (XML). The simplest
way to examine its structure is to save a single
placemark as a ‘doc.kml’ file in Google Earth and
then open that file with any text editor such as
Microsoft Word. The resultant code is shown in
Figure 4. In KML, as in all XML dialects, words
enclosed in angle brackets are called tags and tags
are ordered in standard computer scripting fashion.
The KML file begins with a line that identifies
the document as KML and indicates the version.
This is followed by a ‘parent’ document that is

Fig. 2. (a) Handheld digital mapping device from Trimble Navigation Ltd. (b) Graphics workstation running
Environmental Systems Research Institute Inc.’s ArcGISTM.
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nested inside open ,kml. and close ,/kml.
tags, and these in turn contain one or more ‘child’
tags. Code related to the style of the placemarker
(yellow pin, red balloon, etc.) has been omitted
at the ellipsis in Figure 4 to focus attention on the
Placemark, which has the name LookAt, and Point
tags. There are a wide range of other tags (see Wer-
necke 2008), some of which can be created only by
writing KML code. However, with each new version
of Google Earth, there is an increasing number of
tags that do not require coding.

A sample of KML code for draping a map over
the Google Earth terrain is shown in Figure 5.
Non-programmers can easily cut and paste this script
into their own documents; simply by replacing the
file name and latitude/longitude data they can sub-
stitute their own maps. Geologists with minimal
programming skills can, for example, adjust the
Level-of-detail (,Lod.) tags to control how a
map fades in and out of view as the user zooms in
on the region in question. We used this approach to
scan and drape a reproduction of William Smith’s

Fig. 3. Classic geological maps of Britain and Ireland by Smith (1815), Griffith (1839, cf. O’Brien 1962) and Geikie
(1876), draped over the Google Earth terrain. Map images courtesy British Geological Survey, Natural Environment
Research Council and Geological Survey of Ireland.
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(1815) map of Britain (Fig. 3), with the permission
of the British Geological Survey.

The level of transparency of a ground overlay
can be varied in real time using a Google Earth slider
control. We used this feature to compare and con-
trast the 1876 and 1892 maps of Geikie (Fig. 6a,
b). The overlays are draped one on top of the
other, but the uppermost map can be made partially
or fully transparent to reveal the underlying map.
Each of the maps can be made more or less transpar-
ent so that a direct comparison can also be made
between topographic features and the mapped geo-
logical formations and structures. In Figure 6c, we
scaled and draped overlapping maps of the Loch
Eriboll region from different authors and added
screen overlays to hold the different legends.

Solid models

Less well known than Google Earth is the solid
modelling program called Google SketchUp, which
is also distributed free of charge (in basic version)

by Google Inc. It was originally designed for archi-
tects and civil engineers, but we have used it to
create geological cross-sections and other 3D visu-
alizations that can be imported into Google
Earth. The simplest models to create are planes,
cylinders, cubes and spheres, however the latter
can be stretched to form ellipsoids. In Figure 7a,
a cropped portion of a map from Butler (2004) is
draped onto the Google Earth terrain model and a
simple model of a dipping plane (red) is used to
examine how a planar fault would intersect the
Scottish landscape, for comparison with the mapped
trace of the Moine Thrust zone. In Figure 7b, an
ellipsoid is used to represent qualitatively the
generalized strain field in the hanging wall of the
Moine Thrust (De Paor et al. 2005). Figure 7c
shows a further step in the map inversion process:
we projected a cross-section from the Assynt Dis-
trict map onto the sides of a rectangular solid
model (De Paor & Piñan-Llamas 2006) and placed
the model along the correct line of section on
the draped geological map. A mirror image of the

<?xml version="1.0" encoding="UTF-8"?>

<kml xmlns="http://earth.google.com/kml/2.2">

   <Document>

 <name>Ullapool.kml</name>

 ...

 <Placemark>

  <name>

   Ullapool

  </name>

  <LookAt>

   <longitude>-5.126888</longitude>

   <latitude>56.66774309861847</latitude>

   <altitude>0</altitude>

   <range>739589.715346</range>

   <heading>1.200659</heading>

  </LookAt>

  <Point>

   <coordinates>-5.32,57.85,0</coordinates>

  </Point>

 </Placemark>

   </Document>

</kml>

Fig. 4. Sample KML code for placemark. See text for explanation.
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same section is projected onto the far side of the
block. Using the ‘fly-by’ controls in Google Earth,
it is now possible to compare the cross-section
directly with the mapped formations from any
vantage point. In Figure 7d, the Smythe et al.

(1982) MOIST geoseismic section is projected
onto a larger surface bump-out of northern Scotland.
Viewers can ‘helicopter’ around each of these solid
models in order to view them from different
perspectives.

<GroundOverlay>

 <Icon>

  <href>FoinavenSketch.tif</href>

  <viewBoundScale>0.75</viewBoundScale>

 </Icon>

 <Region>

  <LatLonAltBox>

   <north>58.46173490184355</north>

   <south>58.33811616374839</south>

   <east>-4.729917050240088</east>

   <west>-4.93039369187452</west>

  </LatLonAltBox>

  <Lod>

   <minLodPixels>1024</minLodPixels>

   <maxLodPixels>-1</maxLodPixels>

   <minFadeExtent>512</minFadeExtent>

   <maxFadeExtent>-1</maxFadeExtent>

  </Lod>

 </Region>  

</GroundOverlay>

Fig. 5. KML code for draping a scanned map image as a ground overlay on Google Earth. See text for explanation.

Fig. 6. Scans of maps of Loch Eriboll and vicinity by (a) Geikie (1876) and (b) Geikie (1892), are semi-transparently
overlain on the Google Earth terrain. (c) Comparison of Loch Eriboll structural mapping data compiled by Butler (2004)
and Holdsworth et al. (2006). Images courtesy (a) National Library of Scotland, (b) www.see.leeds.ac.uk/structure/
assyntgeology/maps/history/geikie_1892.htm
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Evaluating undergraduate mapping in

the Assynt Region

The facility for draping multiple overlays on the
Google Earth terrain with variable transparency is
useful for comparing student mapping with pub-
lished maps (Fig. 8). One of us (CS) did her under-
graduate mapping in the Assynt region 40 years
ago, so we scanned those field slips and draped
them over the British Geological Survey (BGS)
(1923) Assynt map (Fig. 8a; the dark stripes rep-
resent aged gum where the field sheets were orig-
inally taped together to make a full field map).
The comparison (Fig. 8b) confirms the reasonable
quality of the student mapping and highlights the
outstanding work of the original mappers. Today’s
students have the added advantage that they can
drape their field slips on the terrain during fieldwork
and make edits as they go along.

Creating a virtual field trip in

Google Earth

In addition to importing geological maps as
ground overlays (Fig. 9a), Google Earth facilitates
the construction of virtual field trips (De Paor &
Piñan-Llamas 2006; Schott 2006; Haug et al.
2007; Whitmeyer et al. 2007). Google Earth place-
marks are created for each stop on the trip and the
Google Earth ‘tour’ button can be used by the end
viewer to visit these locations in sequence. Clicking
on a placemark brings up a window with such
content as a text description of the outcrop, a field
photograph (Fig. 9b), a hand specimen or thin
section image, or a HTML hyperlink to related
content on the worldwide web (Fig. 9d). Unlike
real field trips, which may be adversely affected
by weather or schedule delays, the virtual field trip
can combine the best data for each outcrop in a

Fig. 7. (a) Simple solid model of an inclined plane (red) is used for comparison with mapped trace of Moine Thrust,
(b) solid model of generalized strain ellipsoid for the hanging wall of the Assynt window, (c) rectangular solid
model used to project cross-section from the British Geological Survey’s (1923) Assynt map along correct trend,
(d) surface bump-out showing Smythe et al.’s (1982) MOIST geoseismic traverse of northern Scotland.
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Fig. 8. (a) Geo-referenced student field slips draped on top of the BGS (1923) Assynt map, which is in turn draped onto
Google Earth topography. (b) The field slips can be made progressively more transparent for comparison with the
underlying printed map.

Fig. 9. Virtual field trip of the Assynt region. (a) Orthogonal view of the classic BGS (1923) Assynt map draped over
the Google Earth terrain, (b) clicking on any of the placemarks pops up a window that contains a field photo and/or text
description, (c) inclined view of the map in (a) revealing the fact that it is draped over the topography, (d) this
placemark pop-up window is hyperlinked to an image of the mountain Suilven residing on the worldwide web (source:
www.en.wikipedia.org/wiki/Suilven).
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geological ‘mashup’ – a presentation that contains
data from a variety of sources, such as text, graphics,
video, etc. (e.g. De Paor & Williams 2006; Williams
& De Paor 2007). For example, the photograph in
Figure 9b was taken during the Geological Society
of London’s Spring 2007 Peach and Horne

conference field trip, whereas the photograph in
Figure 9d was found on the worldwide web.
A great advantage of this facility is that images
may be replaced as better quality views or more
data, such as thin section photomicrographs, stereo-
graphic nets or lattice preferred orientation plots,

<GroundOverlay>

 <name>Leeds Website Map</name>

 <TimeSpan>

  <begin>-1</begin>

 </TimeSpan>

 <Icon>

  <href>files/LeedsMapOnly.psd</href>

  <viewBoundScale>0.75</viewBoundScale>

 </Icon>

 <LatLonBox>

  <north>58.65094755872058</north>

  <south>57.98788237250697</south>

  <east>-3.973302034874749</east>

  <west>-5.609616846597348</west>

  <rotation>0.5828378644020535</rotation>

 </LatLonBox>

</GroundOverlay>

<GroundOverlay>

 <name>Old Red Sst 400 Ma</name>

 <TimeSpan>

  <begin>-400</begin>

 </TimeSpan>

 <Icon>

  <href>files/PostCalOnly.psd</href>

  <viewBoundScale>0.75</viewBoundScale>

 </Icon>

 <LatLonBox>

  <north>58.64134222720801</north>

  <south>57.99514834218748</south>

  <east>-3.978178565692933</east>

  <west>-5.580578298551126</west>

 </LatLonBox>

</GroundOverlay>

Fig. 10. Sample timespan tags for creating time-animated maps. See text for explanation.
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Fig. 11. Four stages (a)–(d) of a time-animated geological map based on scanned image from University of Leeds
web site, created with the KML timespan tag. As time elapses, indicated by the Google Earth time slider, geological
units appear in correct sequence. (e, f) Images from different stages of Global Palaeoeographic Time Animation created
by V. Hronusov (www.gearthblog.com/blog/archives/2006/10), based on palaeogeography by R. Blakey (http://jan.
ucc.nau.edu/~rcb7/globaltext2.html; see also Blakey 2007).
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become available. The disadvantage, shared with all
other web-based data systems, is that links may
become broken over time. On the other hand, classi-
cal paper maps may be lost, torn or drenched in
Highland rainstorms.

Time-animated maps

Among the most useful KML tags for geologists
is the timespan tag, as illustrated in Figure 10. Nega-
tive dates in excess of 24000 years are recognized
by Google Earth, however entering 24 billion
years will cause the program to crash. Therefore,
we let one Google Earth year represent one
million Earth years. We downloaded a sketch map
from the University of Leeds website and used
Adobe PhotoshopTM software to divide the map
into sections representing outcropping formations
of different ages. Each formation is saved as a sep-
arate image in a Keyhole Markup archive (kmz file)

and the images are loaded by Google Earth when its
time slider is located between the times indicated by
the ,begin. and ,end. tags. Since we wish all
formations to be visible at the end of the visualiza-
tion, no end time tags are added in this case. The
results are illustrated in Figure 11a–d. In these
screen captures, the viewpoint was changed while
the time elapsed, creating a truly 4D visualization.

On a larger scale, Valery Hronusov of Perm State
University has wrapped palaeographic images by
Blakey (2007) completely around the globe
(Fig. 11e, f), allowing a 4D tour through geological
time.

Discussion and conclusions

We have shown here how wonderful old maps such
as those by Geikie, Peach, Horne, and others of
similar stature may be brought back to life using
digital browser technology such as Google Earth

Fig. 12. Google SketchUpTM model of volcanoes used to create a hypothetical palaeo-DEM for the Proterozoic Scourie
dyke swarm in NW Scotland.
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in combination with modelling and photo-editing
software. Much remains to be done, however. In
order to create a visualization of geological maps
similar to that of the Google Earth terrain, it will
be necessary to create ‘Superoverlays’, i.e. ground
overlays that progressively fade in and out with
appropriate level of detail as the viewpoint is
zoomed (e.g. De Paor 2006). We also need to
embed all source data in the digital map structure
so that every field observation and measurement can
be related to the map interpretation (De Paor &
Whitmeyer 2008). Finally, palaeo-digital elevation
models (palaeo-DEM) will be essential for geological
applications. Palaeogeography may be mimicked,
as in Figure 9c, by draping image files over the
terrain, but the modern Google Earth terrain remains
active under the draped image. An interim solution
is to use SketchUp to create geologically reasonable
topographic models (Fig. 12) and import them onto
the current Google Earth DEM, but what is really
needed is a geobrowser that supports palaeo-DEM
imports.

The authors are grateful to K. McCaffrey and C. Bond for
constructive reviews. Editorial assistance from R. Law and
collaboration with S. Whitmeyer helped to improve the
manuscript. This material is based in part on work sup-
ported by the National Science Foundation under grant
numbers EAR-0711077 and CCLI-0837040. Any opinions,
findings and conclusions or recommendations expressed in
this material are those of the authors and do not necessarily
reflect the views of the National Science Foundation.
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DE PAOR, D. G. & PIÑAN-LLAMAS, A. 2006. Application
of novel presentation techniques to a structural and
metamorphic map of the Pampean Orogenic Belt,
NW Argentina. Geological Society of America
Abstracts with Programs, 38, 326.

DE PAOR, D. G. & SHARMA, A. 2007. Map inversion
special session: Google Earth Science: Geological
applications of interactive web-based maps. Geo-
logical Society of America Abstracts with Programs,
39, 41.

DE PAOR, D. G. & WHITMEYER, S. J. 2008. Geological
maps as relational databases. Geological Society of
America. Abstracts with Programs, 40, 26.

DE PAOR, D. G. & WHITMEYER, S. J. 2009. Innovations
and redundancies in geoscience field courses: past
experiences and proposals for the future. In:
WHITMEYER, S. J., MOGK, D. & PYLE, C. J. (eds)
Field Geology Education: Historical Perspectives
and Modern Approaches. Geological Society of
America, Special Paper, 42, 45–56.

DE PAOR, D. G. & WILLIAMS, N. R. 2006. Solid model-
ing of moment tensor solutions and temporal after-
shock sequences for the Kiholo Bay earthquake using
Google Earth with a surface bump-out. Eos Trans-
actions, American Geophysical Union, Fall Meeting
Supplement Abstract, 87, 13477.

DE PAOR, D. G., MELANSON, H. & WILSON, E. 2005.
Analysis of structural orientation data in space and
time. Geological Society of America Abstracts with
Programs, 36, 441.

GEIKIE, A. 1876. Geological Map of Scotland, topography
by T.B. Johnston. National Library of Scotland. http://
www.nls.uk/maps/scotland/detail.cfm?id¼1348

GEIKIE, A. 1892. Geological Map of Scotland and Expla-
natory Notes. John Bartholomew and Company,
London.

GETTING, I. A. 1993. The Global Positioning System.
IEEE Spectrum, 30, 36–47.

GETTING, I. A. & KLEPPNER, D. 1994. Global Positions
System’s hidden history. Physics Today, 47, 13–15.

GRIFFITH, R. J. 1839. A General Map of Ireland to Accom-
pany the Report of the Railway Commissioners
Shewing the Principal Physical Features and Geologi-
cal Structure of the Country. Report of the Railway
Commissioners, Ireland.

HAUG, E. W., BAILEY, C. M. & YANEZ, P. 2007. Virtual
field trips, Google Earth, and the ‘Geology of Virginia’
website. Geological Society of America. Abstracts
with Programs, 39, 42.

HOLDSWORTH, R. E., STRACHAN, R. A., ALSOP, G. I.,
GRANT, C. J. & WILSON, R. W. 2006. Thrust
sequences and the significance of low-angle, out of
sequence faults in the northernmost Moine Nappe
and Moine Thrust Zone, NW Scotland. Journal of the
Geological Society, London, 163, 801–814.

HUTTON, J. 1788. Theory of the Earth; or an investigation
of the laws observable in the composition, dissolution,
and restoration of land upon the globe. Transaction of
the Royal Society of Edinburgh, 1, 209–304.

JONES, R. R., MCCAFFREY, K. J. W., WILSON, R. W. &
HOLDSWORTH, R. E. 2004. Digital field data

C. SIMPSON & D. DE PAOR440



acquisition: towards increased quantification of uncer-
tainty during geological mapping. In: CURTIS, A. &
WOOD, R. (eds) Geological Prior Information.
Geological Society, London, Special Publications,
239, 43–56.

LAZAR, S. & MUELLER, L. 1990. Validating GPS Soft-
ware and implications for the Future. IEEE Aerospace
Applications Conference, 31–58.

LYELL, C. 1830. Principles of Geology; being an attempt
to explain the former changes of the Earth’s surface, by
reference to courses now in operation. Murray,
London.

MCCAFFREY, K. J. W., JONES, R. R. ET AL. 2005. Unlock-
ing the spatial dimension: digital technologies and
the future of geoscience fieldwork. Journal of the Geo-
logical Society, London, 161, 927–938.

MCCAFFREY, K. J. W., FEELY, M., HENNESSY, R. &
THOMPSON, J. 2008. Visualization of folding in
marble outcrops, Connemara, western Ireland: an
application of virtual outcrop technology. Geosphere,
4, 588–599.

O’BRIEN, M. V. 1962. Geological Map of Ireland, Scale
1:7 50 000 (3rd edition, revised 1979). Ordnance
Survey of Ireland, Dublin.

PACKE, C. 1743. A New Philosophical Chart of East
Kent. The British Library, London.

PEACH, B. N., HORNE, J., GUNN, W., CLOUGH, C. T.,
HINXMAN, L. W. & TEALL, J. J. H. 1907. The
Geological Structure of the NW Highlands of
Scotland. Memoirs of the Geological Survey of Great
Britain.

SCHOTT, R. C. 2006. Building a sense of scale and geo-
graphic context: Virtual field trips created with
Google Earth and QuickTime Virtual Reality (QTVR).
Eos Transactions, American Geophysical Union, Fall
Meeting Supplement Abstract, 87, ED43A-0927.

SMITH, W. 1815. A Delineation of the Strata of England
and Wales with Part of Scotland. Series 53 (reproduc-
tion). British Geological Survey, London.

SMYTHE, D. K., DOBINSON, A., MCQUILLIN, R.,
BREWER, J. A., MATTHEWS, D. H., BLUNDELL,
D. J. & KELK, B. 1982. Deep structure of the Scottish
Caledonides revealed by the MOIST reflection profile.
Nature, 299, 338–340.

SOLLER, D. R. & BERG, T. M. 1995. Developing the
National Geologic Map Database. Geotimes, 40,
16–18.

SOLLER, D. R. 2002. Digital Mapping Techniques
’02–Workshop Proceedings. US Geological Survey,
Open-file Report, 2002-370.

STENO, N. 1669. De Solido Intra Solidum Naturaliter
Contento – Dissertationis Prodromus. (Translated:
Winter, J. G. 1916) Winter, J. G. 1916. The Prodromus
of Nicolaus Steno’s Dissertation Concerning a Solid
Body Enclosed by Process of Nature Within a Solid
(English translation). The Macmillan Company, NY.

TOMLINSON, R. F. 1962. Computer mapping: an introduc-
tion to the use of electronic computers in the storage,
compilation and assessment of natural and economic
data for the evaluation of marginal lands. Paper pre-
sented to the National Land Capability Inventory
Seminar, Canada Department of Agriculture, Ottawa.

TOMLINSON, R. F. 1989. Canadian GIS Experience.
Special Issue – GIS in Canada. Canadian Institute of
Surveying and Mapping Journal, 43, 3.

TOMLINSON, R. F. 2007. Thinking about GIS: Geographic
Information System Planning for Managers (3rd
edition). Earth Science Research Institute Press,
Redlands.

WERNECKE, J. 2008. The KML Handbook: Geographic
Visualization for the Web. Addison-Wesley, Upper
Saddle River, NJ.

WHITFIELD, T. G. 2004. Going From Greenline Mylar
to Digital Geologic Map. In: SOLLER, D. R. (ed.)
Digital Mapping Techniques ’04—Workshop Proceed-
ings. US Geological Survey Open-file Report,
2004-1451.

WHITMEYER, S. J., DE PAOR, D. G. & SHARMA, A. 2007.
Innovative Google Earth visualizations of the
Appalachian – Caledonian Orogeny in Eastern North
America and Western Ireland. Special session: Google
Earth Science: Geological Applications of Interactive
Web-Based Maps. Geological Society of America
Abstracts with Programs, 39, 42.

WILLIAMS, N. R. & DE PAOR, D. G. 2007. Using Google
Earth’s advanced features to visualize the Hawaiian
Archipelago. Geological Society of America Abstracts
with Programs, 39, 63.

RESTORING MAPS AND MEMOIRS TO FOUR-DIMENSIONAL SPACE 441



Microstructures and crystal fabrics of the Moine Thrust zone

and Moine Nappe: history of research and changing

tectonic interpretations

R. D. LAW1* & M. R. W. JOHNSON2

1Department of Geosciences, Virginia Tech., Blacksburg, VA 24061, USA
2School of Geosciences, Grant Institute, University of Edinburgh, West Mains Road,

Edinburgh EH9 3JW, UK

*Corresponding author (e-mail: rdlaw@vt.edu)

Abstract: In this paper we review microstructural and petrofabric work carried out on the
Moine Thrust zone and overlying thrust nappes. Our review is primarily historical, and starts
with contributions made by both ‘amateur’ and ‘professional’ geologists from the 1880s through
to the early 1920s during, and immediately following, the original field-mapping of the Moine
Thrust zone by the Geological Survey. From the 1920s to the early 1950s contributions were
first dominated by Geological Survey work on the microstructural and metamorphic transition
between the thrust zone mylonites and the overlying Moine metasedimentary rocks. Subsequent
university-based quartz petrofabric work, primarily focused on the Moines, would ultimately
lead to the ‘Moine Petrofabric Controversy’ that ran from the late 1940s to the early 1960s. The
later stages of this controversy overlapped, from the early 1950s–mid 1960s, with a phase of
microstructural and quartz petrofabric work that concentrated on the thrust zone mylonites and
immediately overlying Moine Schists. Our review concludes with an overview of microstructural,
petrofabric and related strain analyses undertaken since the early 1970s, both within the Moine
Thrust zone and its immediate foreland and in the overlying higher grade thrust sheets. Throughout
our review we emphasize and track the changing tectonic interpretations that have been placed on
available microstructural and petrofabric data.

The Moine Thrust zone of NW Scotland has histori-
cally played an important role in the development
of our understanding of both the geometrical
evolution of thrust systems and the deformation
mechanisms responsible for formation of penetrat-
ive grain-scale fabrics associated with such fault
systems. This can be traced back to the ‘Highland
Controversy’ of the late 1850s to early 1880s that
began in an acrimonious debate between James
Nicol and Sir Roderick Murchison. The dispute
centred on whether the gently eastward-dipping
succession of demonstrably Cambro-Ordovician
age sedimentary rocks which are overlain by a
thick sequence of unfossiliferous psammites and
pelites (now referred to as the Moine Supergroup)
represented an upward and eastward younging
stratigraphic succession (Murchison) or was cut by
a major faulted contact between the two rock units
(Nicol). Resolution of the controversy (in favour
of Nicol) did not occur until after the protagonists
were dead in the early–mid 1880s (see seminal
review by Oldroyd 1990). The controversy acted
as a crucially important catalyst for promoting field-
work in the early 1880s that led directly to major
advances in both the mapping and interpretation of
what we would now refer to as fold/thrust zones

(see recent reviews by Butler 2004, 2007, 2009,
2010a, b). It also resulted in recognition of the
tectonic significance of high-strain rock fabrics,
including mylonites, associated with thrust zones
(see review by White 2010). Some of the most
influential early fieldwork, targeted at resolving
the Highland Controversy, was conducted in the
Loch Eriboll region (Callaway 1883; Lapworth
1883, 1885a, b; Geikie 1884; Peach & Horne
1884, 1885) at the northern end of what would
later become known as the Moine Thrust zone
(Fig. 1). Over the following two decades this work
was followed by systematic mapping of the Moine
Thrust zone, from the north coast southwards to
Skye by the Geological Survey (Peach et al. 1888,
1907, 1910, 1912, 1913a, b; Fig. 2).

Our primary objective in this paper is to provide
an overview of the history of research on penetrative
(grain-scale) deformation fabrics developed within
the Moine Thrust zone and basal portions of the
overlying Moine Nappe. We also highlight the
changes in tectonic/kinematic interpretations that
have been made on the basis of these fabrics over
the last 50 years, focusing on high-temperature
fabrics preserved in the mylonites at the base of
the Moine Nappe. Much of this work has been

From: LAW, R. D., BUTLER, R. W. H., HOLDSWORTH, R. E., KRABBENDAM, M. & STRACHAN, R. A. (eds) Continental
Tectonics and Mountain Building: The Legacy of Peach and Horne. Geological Society, London, Special Publications,
335, 443–503. DOI: 10.1144/SP335.21 0305-8719/10/$15.00 # The Geological Society of London 2010.
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concentrated in the northern part of the Moine
Thrust zone, particularly in the Assynt and Eriboll
regions, while the southern part of the thrust zone
has received far less attention. We attempt to
redress this imbalance by highlighting work from
the southern part of the thrust zone that has received
less attention in the international literature. Geogra-
phic locations of specific localities and regions
referred to in the text are indicated in Figures 1 and 2.

1880s–1920s: interpretation of macro-

and microstructures

During the early years of the Highland Controversy,
published accounts of the geology of the NW High-
lands generally took the form of descriptions of
observed structural and stratigraphic relationships
between the different rocks units. These were some-
times illustrated with cross-sections, but descrip-
tions of fault rocks were rare and usually only
mentioned in passing. For example, James Nicol
in his 1861 overview of the NW Highlands, men-
tioned the crushing and breaking up of quartzite at
Sango Bay, Durness (Fig. 2) into an ‘incoherent
breccia’ where it is in contact with limestone
(Nicol 1861, p. 88). However, detailed descriptions
and interpretations of hand-sample to thin-section
scale deformation features did not begin until
the early 1880s. The first record of the production
of thin sections of Scottish rocks is found in the
Geological Survey Annual Report for 1879
(J. Mendum pers. comm. 2009).

In this section we review some of the earliest
descriptions of deformation-related macro- and
microstructures in rocks from the NW Highlands
and particularly the pioneering interpretation of
these structures in terms of kinematics, deformation
mechanisms and the influence of environmental
controls, such as temperature and pressure, on
deformation mechanisms operating in different
minerals. Following the terminology of Oldroyd
(1990) we divide this section into contributions
made by Geological Survey (professional) and non-
Geological Survey (amateur) geologists.

Contributions by the amateurs

Some of the earliest specific descriptions of defor-
mation fabrics in rocks from the NW Highlands,
including what would later come to be known as
the Moine Thrust zone, were made by Charles
Callaway, Thomas Bonney, Charles Lapworth and
Jethro Teall. These early descriptions were based
on both field observations and the relatively new
technique of analysing thin sections of rock in trans-
mitted light invented by William Nicol (also inven-
tor of the Nicol prism for obtaining plane polarized

light) in c. 1815 (Nicol 1831) and reintroduced in
to mainstream geology by Henry Clifton Sorby in
c. 1849 (see Sorby 1851; 1858, p. 468–469 for
early descriptions of thin-section making).

In 1883 Callaway gave a brief description of
what are now known to be high-strain plastically
deformed Cambrian quartzites located beneath the
Moine Thrust at the Stack of Glencoul (Law et al.
2010) in the northern part of the Assynt region
(Figs 1 & 2). In this paper, based on fieldwork con-
ducted in 1881 and 1882 (Oldroyd 1990, p. 207),
Callaway (1883, p. 390) noted that

. . . the rock is intensely squeezed so that a coarse
cleavage is produced, the particles of quartz are flat-
tened, and there is a mineral change, the aspect being
distinctly that of partially metamorphic rock.

This interpretation was supported by thin-section
descriptions of the deformed quartzite by Bonney
(1883, p. 418) in an Appendix to Callaway’s
paper. In 1884 Callaway followed this with a par-
ticularly clear description of the microstructures
in the Stack of Glencoul quartzites, noting both
the flattening of detrital grains and distortion/
lengthening of ‘worm burrows’ (Skolithos) that
he perceptively interpreted as being caused by ‘a
force pushing from the east’ (Callaway 1884,
p. 221). Callaway considered that these intensely
deformed quartzites exposed at the Stack of Glen-
coul had ‘. . . undergone great compression, the frag-
ments being crushed, flattened out, and “packed”
together as one sees in slates’ (Callaway 1884,
p. 221). Callaway then went on to briefly describe
the microscopic deformation features of quartzites
exposed on Ben Arnaboll in the Loch Eriboll part
of the Moine Thrust zone (Fig. 1) and located in
the footwall to what would now be interpreted as
the Arnaboll thrust. Callaway clearly regarded
these quartzites as being similarly highly deformed,
but emphasized the ‘secondary’ origin of the minute
quartz grains imaged in thin section (Callaway
1884, p. 222; see also Bonney 1883, p. 418–419).

Interestingly, Callaway’s clear microstructures-
based interpretation of deformation processes in
the Stack of Glencoul and Ben Arnaboll quartzites
preceded by one year the publication of the inter-
nationally far more well known and influential
paper by Lapworth (1885a), describing similar pro-
cesses associated with deformation of Lewisian
gneiss above the Arnaboll thrust on Ben Arnaboll.
It was in this paper that Lapworth coined the name
‘mylonite’ for rocks produced by such grain-scale
processes of crushing and fracture.

Lapworth’s main fieldwork in the Durness
and Eriboll areas was conducted in 1882 and 1883
(Lapworth Museum archives, University of
Birmingham). In 1884 he published a short paper
briefly alluding to grain scale ‘crushing’ features
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recognized in the field and under the microscope,
and pointing out that traced eastwards from Loch
Eriboll into the overlying variously named ‘Suther-
land Schist Series’ or ‘Eastern Metamorphic
Series’ (later referred to as the Moine Schists and
then the Moine Supergroup) differentiating
between the main rock units (Archaean/Lewisian
gneiss, schist, quartzite etc.) became progressively
more difficult as the original rocks have been
‘. . . crushed into slaty rock, in which crystallization
has (subsequently) set up along the cleavage planes’
(Lapworth 1884, p. 440). This deformational
process, by which it becomes impossible to dis-
tinguish between potential protoliths in high-strain
rocks of the Moine Nappe, would later be referred
to by H. H. Read as ‘metamorphic convergence’
(Read 1934a, b).

However, Lapworth’s 1884 paper has histori-
cally been eclipsed by his 1885 Nature paper
(Lapworth 1885a) in which he first used the term
‘mylonite’ and described in more detail both the
observed microstructures in the Ben Arnaboll
rocks and his views on the process by which they
might have formed (see reviews by Teall 1918,
p. 1–3; White 1982, 1998, 2010; Snoke & Tullis
1998, p. 4–6). Lapworth described the structural
setting and microstructures of his type mylonite as
follows (Lapworth 1885a, p. 559):

. . . The most intense mechanical metamorphism
occurs along the grand dislocation (thrust) planes,
where the gneisses and pegmatites resting on these
planes are crushed, dragged and ground out into a
finely-laminated schist [Mylonite, Gr. mylon, a mill]
composed of shattered fragments of the original crys-
tals of the rock set in a cement of secondary quartz,
the laminations being defined by minute inosculating
lines (fluxion lines) of kaolin or chloritic material
and secondary crystals of mica.

A fundamental implication of Lapworth’s discov-
ery, sometimes neglected in later years, is that
strain is usually the key to the recognition of
ductile thrusts in regions where the stratigraphy is
incompletely known.

Lapworth did not include illustrations of micro-
structures in his 1884 or 1885 publications or
specify a type locality on Ben Arnaboll for his mylo-
nite. He did, however, provide sketches in his 1888
(Page & Lapworth 1888) and 1899 (Lapworth 1899,
p. 128) books of what he regarded as mylonitic,
flaser, augen and granulitic textures; these sketches

are reproduced in White (2010). Unfortunately, no
information on sample locations is provided with
these sketches. Similarly, in Lapworth’s collection
of notebooks, hand samples and thin sections now
curated in the Lapworth Museum at Birmingham
University, there is no record of a type sample
although several samples recorded by Lapworth
as being collected from Ben Arnaboll are possible
candidates. The generally accepted mylonite type
locality is based on the descriptions by Teall
(1885, p. 143; and specifically 1918, p. 2) of being
taken to Ben Arnaboll by Lapworth in 1883 and
shown an exposure of ‘. . . Archaean gneiss resting
on Cambrian quartzite’ on the western side of Ben
Arnaboll (White et al. 1982; White 1982, 1998).
Photomicrographs of samples derived from the
Archaean (Lewisian) gneiss at this locality were
provided by Teall (1918), and are reproduced here
in Figure 3 (micrographs 1 and 5). They clearly
illustrate the contrast between the equant feldspar
grains and elongate quartz grains that subsequently
defined the nature of the mylonitic foliation.
Following Lapworth’s original observations (see
above) Teall (1918, p. 3) noted that

Plagioclase feldspars often illustrate the cataclastic
effect . . . the first effect is seen in the faulting of the
twin lamellae, and from this result to the complete
breaking up of a large individual into innumerable
fragments, and the separation of the fragments in a
matrix of fine grained mylonitic material every stage
may be observed. Under the conditions we have been
considering quartz yields more readily to the deform-
ing stresses than feldspar, and somewhat differently.
It becomes plastic, as it were, losing at the same time
its distinctive optical characters and taking on a
crypto-crystalline structure.

To present-day structural geologists this reads as a
remarkably ‘modern’ description of progressive
mylonitization and demonstrates that Lapworth,
and particularly Teall, were acutely aware that
under at least some metamorphic conditions, feld-
spar and quartz could simultaneously deform by
very different deformation mechanisms. Clearly,
Teall did not regard the ‘crypto-crystalline’ or fine-
grained microstructure within the larger elongate
quartz grains as being due to fracture processes.
Similarly, Bonney (1883), Callaway (1884) and
Lapworth (1885a) had all previously drawn atten-
tion to the minute quartz grains imaged in thin sec-
tions from Ben Arnaboll that they regarded as being

Fig. 2. (Continued) component of study; blue box (A) indicates area covered by Phillips (1937) extending from Moine
Thrust zone to Great Glen Fault; gold box (C) indicates area covered by Crampton (1955) which extends from
Kinlochewe and Contin northwards to Kyle of Tongue; all other studies indicated by green boxes – see key. Green
circles, labelled a–e, indicate location of academic studies where petrofabric work was a minor component of study;
a, Sutton & Watson (1953); b, Clifford (1957); c, Ramsay (1957); d, Clifford (1960); e, Fleuty (1961). BJ, Braemore
Junction; K, Kinlochewe.
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Fig. 3. Photomicrographs by J. J. H. Teall of typical mylonites from the NW Highlands; reproduced from Teall (1918).
Micrographs include: (1) Typical mylonite (Lapworth), Ben Arnaboll, Eriboll. (2) Sheared gneiss, Clash Fearna,
Loch Laxford. (3) Sheared gneiss, one quarter mile east-southeast of Hope Lodge, Eriboll. (4) Sheared quartz-feldspar
grit (Torridonian), one mile north of Court Hill, Kishorn. (5) Crushed pegmatite with faulted plagioclase, Ben Arnaboll.
(6) Epidiorite, Scourie.
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of a ‘secondary nature’. In modern petrography
these microstructures would be interpreted as indi-
cating recrystallization processes. Lapworth (1884,
1885a) also emphasized the spatial and temporal
gradation from original country rock to fine slaty
schists/mylonite, with gneissic country rock
passing within a short distance in to mylonite
marking the (Ben Arnaboll) thrust plane (Lapworth
1885a, p. 559). This gradation was illustrated by
Teall (1918, plate 1) using a series of photomicro-
graphs – but from different (low to high strain)
locations: Kishorn, Hope Lodge east of Loch
Eriboll/Loch Hope, Ben Arnaboll (Fig. 3). The
microstructural gradation from country rock gneiss
to mylonite at the Ben Arnaboll thrust itself,
which occurs over a structural distance of no more
than 1.5 m, was first documented by White et al.
(1982) (see also White 1998).

Spatial variations in both microstructures and
mineral assemblages were also described by Teall
(1885) in a hand sample collected from a Scourie
dyke in the Scourie area (Fig. 1) of the foreland
Lewisian (Archaean) Gneiss Complex. In this
sample, Teall described the alteration of augite
dolerite in to a hornblende schist that he attributed
(Teall 1918, p. 6) to relatively late stage shearing.
In both his 1885 and 1918 papers Teall reproduced
a strikingly accurate sketch (Fig. 4) of the progress-
ive development of a grain-shape foliation in the
deformed dolerite and its transition in to the planar
foliation of a cross-cutting cm-scale shear zone
(sensu Ramsay & Graham 1970). In his 1918
paper Teall contrasted the different behaviour of
feldspar and quartz at Ben Arnaboll (fracture and
plastic deformation respectively) with the Scourie
shear zone in which both quartz and feldspar
appeared to have deformed plastically by ‘molecu-
lar rearrangement’ while the original augite pro-
gressively changed to amphibole when traced in to
the shear zone (Teall 1885, p. 139).

Contributions by the professionals

By 1881–1885 some of the fundamental principles
of rock deformation mechanisms had already been
established by ‘amateur’ (i.e. non-Geological
Survey) individuals in the NW Highlands; for
example, Callaway, Bonney, Lapworth and Teall.
As a result of renewed geological activity and inter-
est in the NW Highlands in the early 1880s Archi-
bald Geikie, now as Director-General of the
Geological Survey, sent Benjamin Peach and John
Horne to Loch Eriboll in 1883 to re-evaluate
Lapworth’s work with respect to the Highland
Controversy. Details of this resurveying (which
essentially vindicated Lapworth’s views on the
structural succession at Loch Eriboll) are not
directly relevant to our current review, but are

discussed at length by McIntyre (1954) and particu-
larly Oldroyd (1990). However, what is important
here is that within a short time of commencing
work at Eriboll in 1883 the Survey geologists had
begun using rock deformation concepts similar to
those pioneered by the amateurs. To what extent
this was independent of the amateur geologists’
original ideas on deformation mechanisms is diffi-
cult to judge. The situation is also complicated by
Teall joining the Geological Survey at Geikie’s invi-
tation as a petrographer in 1888, eventually being
appointed his successor as Director of the Survey
in 1901 (Oldroyd 1990, pp. 252–253). Although
based in the Survey’s London office, Teall spent
his first seven years at the Survey focused primarily
on NW Highland rocks, visiting the field geo-
logists and supervising the collection of samples
(J. Mendum, pers. comm. 2009).

In his 1884 overview paper, in which the term
‘thrust plane’ is first introduced, Geikie specifically
refers at Loch Eriboll to

striated planes . . . which are approximately parallel
with the thrust planes and are covered with a fine
parallel lineation running in a west-north-west and
east-south-east direction [see Fig. 5a]. These surfaces

Fig. 4. Drawing by J. J. H. Teall showing transition from
‘granular’ dolerite to foliated hornblende gneiss at
Scourie Bay, in the foreland to the Moine Thrust zone;
reproduced from Teall (1885). The block shown was
collected at the margin of a shear zone that cuts a Scourie
dike (dolerite) in Lewisian foreland rocks, and clearly
shows the geometric development of foliation traced in
to the shear zone that would later be used by Ramsay &
Graham (1970) in their classic study of shear zone
formation at Castell Odair in the Outer Hebrides. Block
is 11 cm high.
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have evidently been produced by shearing. Again,
many of the rocks near the thrust planes, and for a
long way above them are marked by a peculiar streaked
structure which reminds one of the fluxion-lines of
eruptive rocks. The coarse pegmatites in the gneiss,
for example, as they come within the influence of the
shearing have had their fresh-coloured feldspar and
milky quartz crushed and drawn out in to fine parallel
laminae till they assume the aspect of a rhyolite in
which fluxion-structure has been exceptionally well
developed. The gneiss itself coming into the same
powerful mill has acquired a new schistosity parallel
with the shearing planes (Geikie 1884, p. 30; but see
also discussion by White 2010 on early interpretation
of deformation processes by other members of the
Geological Survey at Loch Eriboll).

Note here the use by Geikie in his 1884 paper of a
milling analogy in interpreting deformation micro-
structures; this paper slightly predates the 1885
Nature paper in which Lapworth more famously
coined the term mylonite (Lapworth 1885a).

Like Lapworth in his 1884 paper (see above)
Geikie goes on to describe the upward increase in
amount of shearing and crystallization of the main
rock units at Loch Eriboll, which eventually
results in the original protoliths of the highly
sheared and (re)crystallized rocks being impossible
to determine (Geikie 1884). Supporting field
relationships from the Loch Eriboll area are
described in greater detail in a companion paper
by Peach and Horne in which they propose that
this shearing and associated lineation was produced
by ‘. . . enormous mechanical movements under
which the individual particles were forced over
one another in one common direction, viz. from
east-south-east to west-north-west’ (Peach &
Horne 1884, p. 35). In subsequent Survey work
from the north coast southwards to Skye these
high strain rocks of uncertain protolith, lying
between what would become known as the Moine
Thrust zone and overlying Moine Nappe, would
simply be mapped as ‘mylonitized rocks’ with the
Moine Thrust itself generally, but not always,
being placed at the top of the mylonites. This
horizon of undifferentiated mylonite was found to
vary significantly along the length of the Moine
Thrust zone, being generally thickest and best
developed in the north (north coast southwards
towards Assynt) while being totally absent in other
areas (Peach et al. 1907, p. 597).

Following the 1884 and 1885 papers, subsequent
Survey publications primarily focused on regional
descriptions of distribution of the main rock
groups and associated structures. Two publications
are particularly important, the 1888 paper summar-
izing early-stage work from the north coast south-
wards to Ullapool (Peach et al. 1888) and the
iconic 1907 memoir which gave a detailed overview
of mapping along the entire length of the Moine

Thrust zone from the north coast southwards to
Skye – together with an in-depth description of
the underlying foreland rocks to the northwest
(Peach et al. 1907). The overlying Moine (Eastern
Schist) rocks to the SE are described in considerably
less detail, but although the Sutherland coast section
and hinterland were mapped in the 1880s and 1890s,
the interior parts of Ross and Cromarty and
Inverness-shire were not mapped until considerably
later. Most of the information contained in these
publications is not of direct relevance to our histori-
cal review of research on microstructures/defor-
mation mechanisms of the Moine Thrust zone and
overlying Moine Nappe. However, the 1907
Memoir does contain numerous historically impor-
tant descriptions and interpretations of deformation
microstructures contributed by Teall. For example
on pages 597–598 very clear microstructural
descriptions are given of contrasting behaviour of
quartz and feldspar in the Moine Thrust belt
(quartz plastic, feldspar brittle) and in shear zones
cutting the Lewisian rocks of the foreland (both
quartz and feldspar plastic) which the Survey geol-
ogists ascribed to differences in pressure and temp-
erature between the two regions at the time of
deformation (Peach et al. 1907). For its time, this
is a remarkable interpretation whose wide-ranging
significance for inferring deformation conditions
from microstructures seems to have been over-
looked by later generations, only to be reinvented
in the 1950s–1970s; see also discussion by Butler
(2010a).

Additionally, both the 1888 and 1907 Survey
publications contain some of the earliest recorded
(often site specific) accounts of various deformation
features that would, for later generations, become
the focus for more ‘modern’ analysis or controversy.

1. Development of steeply dipping shear zones in
the Lewisian of the foreland including shear
sense indicators and the straining of pre-existing
markers such as dykes traced in to the shear
zones (e.g. Peach et al. 1888, p. 394; 1907,
p. 148–154, 165–170, 245–251).

2. The overprinting of older by younger defor-
mation fabrics, particularly in the Lewisian
rocks (e.g. Peach et al. 1888, p. 397–399;
1907, p. 73, 137) and Moine Schists (Peach
et al. 1888, p. 436).

3. Use of shear sense indicators such as deformed
Skolithos pipes (Peach et al. 1888, p. 433–434;
1907, p. 396, 471, 481, 495), orientations of
strained quartz pebbles and fractured feldspar
grains/pebbles (Peach et al. 1888, p. 431;
1907, p. 499) and multiple sigmoidal cleavage
trajectories – now referred to as ‘S-C’ struc-
tures (Peach et al. 1888, p. 433) to deduce the
direction and sense of thrusting.
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4. Stratigraphical evidence within what is now
referred to as the Cambro-Ordovician sequence
for at least local development of high penetrat-
ive strains associated with thrusting (e.g. Peach
et al. 1888, p. 434; 1907, p. 396, 499).

1880s–1920s: relationships between

mylonites and Moine Schists

In this section we trace the evolution of early ideas
on relative timing of deformation and metamorph-
ism between the Moine Thrust zone mylonites and
the overlying Moine Schists that were based on
microstructures and kinematic interpretation of
small-scale structures.

Early views on age relationships

The papers published in the 1880s indicate that at
least some of the early geologists regarded the
Moine Schists as the end product of mylonitization
and metamorphism which accompanied movement
on the underlying Moine Thrust zone. For example,
Lapworth argued that the ‘Eastern Metamorphic
Series’ (Moine Schists) of Central Sutherland were

. . . an intimate compound of sheets of: 1) Archaean
[Lewisian], 2) Sedimentary [Torridonian and Cambro-
Ordovician rocks of the foreland and Moine Thrust
zone] and 3) Intrusive Rocks, which have been
crushed in to slaty rock, in which crystallization has
(subsequently) set up along cleavage planes (Lapworth
1884, pp. 439–440).

A year later Lapworth would refer to these processes
of ‘crushing and flattening’ as ‘mylonitization’
(Lapworth 1885a). A critical point here is that
Lapworth (1884) clearly regarded crystallization
(metamorphic mineral growth) in the Moine Schists
as occurring after mylonitization. Lapworth also
explicitly regarded the schistosity and foliation in
the Moine Schists as being of deformational rather
than sedimentary origin (Lapworth 1884, 1885b).

The Survey geologists at this time dominantly
took a very similar view to Lapworth regarding
the tectonic origin and evolution of the Moine
Schists. For example Geikie (1884) described
what he thought was an eastward progressive shear-
ing of Torridonian sandstone into micaceous schist
near Loch Kishorn (Fig. 2; southern part of Moine
Thrust zone). Similarly, in a companion paper to
Lapworth’s 1885 Nature paper (Lapworth 1885a)
Peach & Horne in describing the ‘eastern schists’
(Moine Schists) near Loch Eriboll argued that

the planes of foliation or schistosity in those areas
which had been subjected to regional metamorphism
were evidently due to enormous mechanical movement
which had induced molecular changes in crystalline
and clastic rocks (Peach & Horne 1885).

Following their field mapping in the Loch Eriboll-
Ullapool part of the Moine Thrust zone and over-
lying Moine Schists, Peach et al. (1888) argued
that the structure and lithological character of the
crystalline schists and flaggy gneisses (Moine
Schists) were undoubtedly produced by the same
(post Cambro-Ordovician) tectonic movements
associated with the underlying Moine Thrust zone.
However, they pointed out that the Moine Schists
differed from the mylonites lying beneath the
Moine Thrust plane in that their matrix was holo-
crystalline (i.e. totally crystallized). Peach et al.
suggested that the more completely crystalline
nature of the Moine schists, relative to the under-
lying mylonites of the thrust zone, was because
movements in the Moine Schists ‘. . . took place at
a more rapid rate, thus producing a higher tempera-
ture and giving rise to greater chemical changes
after the movements had ceased’ (Peach et al.
1888, p. 437). Thus the Survey geologists at this
time agreed with Lapworth that crystallization in
the Moine schists occurred after mylonitization
associated with thrusting. However, opinions
amongst the Survey geologists would change and
diversify in the following years.

Changing perspectives on age relationships

George Barrow, who worked under Peach and
Horne in Sutherland, may have been the first to
recognize that close to the thrust faults an older crys-
talline structure in the Moine Schists had been
broken down by later movements (Green 1935,
p. lxvi; see also McIntyre 1954, p. 210). At Loch
Hope (Eriboll district) ‘Barrow in 1884, in defiance
of all authority, came to the conclusion that the crys-
tallization of the local Moines was not related to the
thrusting, but was older and had been partly broken
down’ (Green in discussion of Phillips 1937,
p. 618). At this time Barrow and to a lesser extent,
C. T. Clough, were the only two Highland field geol-
ogists to individually make use of thin sections as an
adjunct to their survey work (J. Mendum pers.
comm. 2009). Horne in 1899 suggested that

the uniform characters of [certain quartz-biotite granu-
lites] and their persistence without modification throug-
hout the folded area of Fannich suggests the possibility
that their crystalline characters were developed prior to
the Post-Cambrian movements (quoted from the
Annual Survey Reports by Phillips 1937, p. 604).

Similarly, in the 1907 memoir the Survey geologists
point to evidence for the breaking down of the crys-
talline structure of the Moine Schists close to the
Moine Thrust plane between Stromeferry and Loch
Alsh at the southern end of the thrust zone (Figs 1
& 2), suggesting that ‘at least some of these rocks
existed as crystalline schists before they reached
their present position’ (Peach et al. 1907, p. 601).
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Whether this crystalline structure was produced
during an earlier phase of the [post Cambrian]
thrust movements, perhaps at a deeper crustal
level, or during a previous totally separate period
of metamorphism and deformation, was unclear.
Similarly unclear was whether the overprinting
structures were the products of mylonitization (in
the sense of Lapworth and Teall) or later cataclastic
deformation (lower deformation temperatures and/
or higher strain rates) involving brittle fracture of
all mineral phases including quartz.

Teall (according to Peach & Horne 1930, p. 151)
gives a more cautious approach to the relative ages
of mylonitization and crystallization in the Moine
Schists in the 1907 memoir. For example, in the
memoir’s introductory section to the ‘Eastern
Schists’ lying above the Moine Thrust mylonites,
he points out that

. . . cataclastic structures are not uncommon and the
question has arisen as to whether they represent crys-
talline schists more or less broken down or sedimentary
rocks which are on the way, so to speak, to become
Moine-schist. Both views have been held by different
members of the Survey, and both may be right,
though not, of course, as applied to one and the same
rock’ (Peach et al. 1907, p. 600).

This diplomatically worded statement undoubtedly
reflects the differing views of Peach and Horne.
Peach regarded the Moines as being the lateral
equivalent of the Torridonian sandstones in the fore-
land to the Moine Thrust zone which were penetra-
tively deformed and metamorphosed on a regional
scale during earth movements associated with for-
mation of the [post Cambrian] Moine Thrust zone
(Peach et al. 1913a, p. 30). Peach considered that
the mylonites were formed in the thrust zone
during the regional metamorphism of the Moine
Schists (Peach & Horne 1930, pp. 199–200). In con-
trast, Horne considered the Moines to be metasedi-
mentary rocks of pre-Torridonian protolith age
which only close to the Moine Thrust zone had
been modified by [post Cambrian] movements
(Peach & Horne 1930, pp. 147, 151). Horne con-
sidered that the mylonitic rocks were produced by
cataclastic breakdown of the Moine Schists at a con-
siderably later period than the regional metamorph-
ism of the Moine rocks (Peach & Horne 1930,
pp. 200–201). Horne’s interpretation carried the
possibility that the Moine Schists may have been
subjected to periods of deformation and meta-
morphism (either Caledonian or earlier) that pre-
dated formation of the underlying Moine Thrust
zone and its associated mylonites.

By completion of mapping between the north
coast and Skye (Fig. 1) the Survey geologists were
clearly aware that crystallinity (i.e. metamorphic
grade) increased eastwards from the Moine Thrust
zone mylonites in to the Moine Schists (e.g. Peach

et al. 1913a). Peach & Horne (1930, p. 177) sum-
marized this as follows: ‘The grade of metamorph-
ism along the Moine line of disruption for a
distance of 100 miles is comparatively low but
increases eastwards from that plane’. Interestingly,
the importance of the Moine Thrust zone in the evol-
ution of the Moine Schists appears to be down-
played in the Survey Memoir on Central Ross-shire
(Fig. 2; Sheet 82) where it is perceptively suggested
that ‘The phenomena of the belt of thrusting are but
a marginal phase, produced under less load, of the
folding and consequent deformation that prevailed
over the whole area of metamorphic rocks to the
east of that belt’ (Peach et al. 1913a, p. 27). In
this 1913 memoir Peach et al. distinguish between
‘destructive metamorphism’ close to the Moine
Thrust and ‘constructive metamorphism’ to the
east of the thrust, which they seem to have regarded
as occurring at broadly the same time but at different
crustal levels.

Further to the south on Skye, Clough (in Peach
et al. 1907, pp. 619–620) suggested that the Tarska-
vaig Moine schists exposed at the southern end of the
Moine Thrust zone (Fig. 1), which were regarded as
being intermediate in character between the Tor-
ridonian sandstones of the foreland and the Moine
Schists to the east, may have been ‘pushed from an
area in which the metamorphism increased in a
south-easterly direction’. Clough speculated that
metamorphism of the Tarskavaig schist may have
occurred after regional metamorphism but before
thrusting. In truth, however, the age relationships
between thrusting/mylonitization along the Moine
Thrust zone and metamorphism to the east was
(and largely still remains) unknown.

Tectonic transport directions

As mentioned above, during the 1880s both the
amateur and professional (i.e. Survey) geologists
described a range of structures, principally from
the Loch Eriboll region, indicating that thrusting
and mylonitization was due to top to the WNW
shearing. For example, Geikie in his 1884 overview
paper, in which the term ‘thrust plane’ is first
introduced, specifically refers at Loch Eriboll to
‘striated planes . . . which are approximately parallel
with the thrust planes and are covered with a fine
parallel lineation running in a west-north-west
and east-south-east direction. These surfaces have
evidently been produced by shearing’ (Geikie
1884). Clearly Geikie regarded these linear struc-
tures (Fig. 5a) as developing parallel to what
would now be called the thrust transport direction.
A year later, Peach & Horne (1885) reported that
within the Moine Schists to the east of Loch Eriboll
‘. . . each plane of schistosity exhibits the parallel
lineation like slickenside trending in the same
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direction over a vast area, while the minerals were
orientated along these lines’. Subsequent Survey
mapping between 1884 and 1897 clearly demon-
strated the remarkable constancy of lineation trend
(ESE) in the Moine Thrust zone, the overlying
gently dipping mylonites and the Eastern (Moine)
Schists between the north coast and Skye. The
Survey geologists appear to have unequivocally
regarded these ESE trending lineations (Fig. 5a) as
being parallel to ‘. . . the general direction of move-
ment of the thrust masses’ (Peach et al. 1907, p. 599).

The Survey geologists were also aware that other
forms of linear structures, such as rods and mullions,
were present both in the Lewisian gneisses of the
foreland and in the highly deformed rocks to the
east of the Moine Thrust zone where they commonly
plunged towards the ESE (Fig. 5a). In some cases,
such as the WNW–ESE trending quartz rods lying
within the Moine Schists on Ben Hutig to the east
of Loch Eriboll (Figs 1 & 2), they were able to
demonstrate that these linear structures were due
to ‘ridging up’ (Peach et al. 1907, pp. 601, 603) or
folding. In other words they were isolated fold
hinges separated from their limbs. In other cases,
however, a folding origin could not be demon-
strated. For example, in the Ben Wyvis area
(Fig. 2; Sheet 93) far to the east of the Moine
Thrust, Clough (in Peach et al. 1912, p. 49)
described deformed mineral grain shape fabrics in
intrusive rocks within the Moine Schists that
clearly defined in three-dimensions (3D) a macro-
scopic rodding structure without any evidence for
‘crumpling’ or ‘strain slipping’ of previous foliation
planes. In an interpretation that was decades ahead
of its time, Clough proposed that ‘. . . rodding can
be produced in any cube of rock, by subjecting it
to equal pressure from four sides in opposite pairs,
leaving the constituents to squeeze out, as it were,
towards the other sides, on which the pressure is
less . . .’ A year later the same tectonic explanation
would be suggested for mylonitic Lewisian rocks
with similar linear grain shape fabrics located
close to the Moine Thrust in the Fannich Mountains
region (Peach et al. 1913b, p. 20; Fig. 2; Sheet 92). It
would be 45 years before the concept of using grain
shape fabrics as an indicator of 3D strain would be
formalized by Flinn (1958) and coupled with the
concept of constrictional strain (Flinn 1958, 1961,
1962). Using the fabric classification introduced
by Flinn (1958), the 3D grain shape fabrics
described by Clough from Ben Wyvis and Fannich
Forest would now be termed ‘L Tectonites’.

Survey mapping from the north coast southwards
towards Skye also demonstrated the presence of two
regionally extensive fold trends in the Moine rocks,
one set trending NNE–SSW parallel to regional
strike and a second set trending WNW-ESE parallel
to lineation and the inferred transport direction in

the underlying mylonites and Moine Thrust zone
(Peach et al. 1907, pp. 468–469, 601). The follow-
ing extract from the 1907 Memoir clearly indicates
that at this time the Survey geologists regarded both
sets of folds as being produced by [post Cambrian]
movements.

A striking characteristic of the Eastern schists is pre-
sented by the double system of folding which they
present. One system has a NNE and SSW strike, the
inclination of the axial plane being ESE, thus harmo-
nising with the strike and direction of dip of the
Moine Thrust plane and of the divisional planes of
the mylonitized rocks in association with that displace-
ment. This plication may be regarded as an obvious
accompaniment of the movement of the thrust masses
in a WNW direction. The other system strikes gener-
ally WNW and ESE, as if produced by forces acting
at right angles to this trend. . . . . This second system
of folding is to be regarded as one of the structures
that have resulted from the post-Cambrian movements’
(Peach et al. 1907, p. 601).

Yet despite this interpretation the Survey geologists
were still content to interpret the WSW–ESE trend-
ing linear structures (Fig. 5a) lying on the foliation
planes in the Moines as being produced during
WNW directed over-thrusting (see above).

Questions on the age (or ages) of metamorphism
and folding in the Moine Schists, relative to defor-
mation recorded in the underlying Moine Thrust
zone, would dominate research (including petro-
graphic/microstructural and petrofabric analyses)
in the NW Highlands for the next 60 years.

1920s–1950s: microstructures and

metamorphism

Following publication of the iconic 1907 memoir
(Peach et al. 1907) remarkably little new work was
carried out specifically on the Moine Thrust zone
until the 1950s, the main exceptions being Teall’s
1918 petrographic descriptions discussed above,
which were based on samples collected in the
1880s (Teall 1918), and publication of individual
Geological Survey Memoirs on areas which included
parts of the thrust zone (e.g. Peach et al. 1910, 1913a,
b; Read et al. 1926; Read 1931; see Fig. 2 for location
of Survey Sheets covered in these memoirs). Even in
these Survey memoirs, however, map scale descrip-
tions of structural relationships within the thrust zone
were primarily based on work completed before
publication of the 1907 memoir.

De-emphasizing role of Moine Thrust zone

in deformation of the Moine Schists

From the 1920s until the early 1950s microstructural
and related structural work concentrated on the
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metasedimentary Moine Schists of the overlying
Moine Nappe. This resulted in a dramatic realign-
ment of views on the tectonic evolution of the
NW Highlands and particularly tectonic relation-
ships between the Moine Thrust zone and the over-
lying Moine Nappe. In the 1880s the original
‘amateur’ and ‘professional’ (i.e. Geological
Survey) geologists all commenced their fieldwork
in the western part of the Highlands – notably the
Moine Thrust zone of the Loch Eriboll region –
and then traced structures eastward in to what
would later become known as the Moine Nappe.
This approach was obviously essential for resolving
the Highland Controversy and demonstrating that
the Moine Schists (that would later become known
as the Moine Supergroup) were not an upward and
eastward stratigraphic continuation of the under-
lying Cambro-Ordovician sedimentary rocks of the
Moine Thrust zone. However, later workers would
argue that this approach led to overestimating the
importance of the Moine Thrust zone with respect
to the tectonic and metamorphic evolution of the
metasedimentary rocks of the overlying Moine
Nappe (see review by McIntyre 1954). In these
later studies the perceptive suggestion by Peach
et al. (1913a, p. 27) that at least in Central Ross-
shire (Fig. 2) ‘The phenomena of the belt of thrust-
ing are but a marginal phase, produced under less
load, of the folding and consequent deformation
that prevailed over the whole area of metamorphic
rocks to the east of that belt’ seems to have
been overlooked.

This new view was, perhaps, taken to the
extreme by H. H. Read who by the early 1950s
referred to the ‘baleful influence of the Moine
Thrust zone’ on research in the Highlands. Read
went on to opine that

The great body of superstition, Aberglaube and shear
infatuation that had gathered round this structure had
greatly retarded the progress of Highland geology. It
would be well to forget about the Moine Thrust for
ten years and then the Highlands could be dealt with
in a proper manner, uninfluenced by any south-east
to north-west dogma (Read in discussion of McIntyre
1951, p. 17).

As indicated below, however, these vitriolic com-
ments hardly seem compatible with Read’s original
work on the Northwest Highlands that was pub-
lished in the late 1920s and early 1930s.

H. H. Read’s work on transition between

Moine Schists and mylonites

Read’s interest in the Moines and adjacent sections
of the Moine Thrust zone was primarily due to his
Geological Survey work that culminated in pro-
duction of the Survey memoirs for the Strath

Oykel–Lower Loch Shin (Sheet 102) and Central
Sutherland (Sheets 108 & 109) areas (Read et al.
1926; Read 1931; Fig. 2), which extended from
the southern part of Assynt to the north coast. His
views on the different arguments that by this time
had been proposed for the age of the Moines were
published in 1934; this paper also contains useful
summaries of microstructural and petrological data
of relevance to age relationships between the
Moine Thrust zone and the Moines (Read 1934b).
Central to Read’s views on these age relationships
were the alkaline intrusions of Loch Loyal located
to the east of the Moine Thrust zone and the Loch
Ailsh intrusion of southern Assynt (Figs 2 & 5a),
which is deformed in the thrust zone. Read argued
that regional or ‘general’ metamorphism of the
Moines must pre-date movement and associated
mylonite formation on the Moine Thrust zone
because: a) the petrologically similar plutons were
probably of the same age (subsequently confirmed
by isotopic dating; see review by Parsons 1999);
b) the Loch Loyal pluton postdated regional meta-
morphism of the surrounding Moine schists; and
c) the Loch Ailsh intrusion was apparently cut by
the Moine Thrust zone. This pivotally important
conclusion was supported by detailed petrographic
descriptions of the progressive change in micro-
structures traced westwards from the Moine
schists in to the mylonites at the top of the Moine
Thrust zone (Read 1931).

The clarity and painstaking nature of the thin
section descriptions by J. Phemister for the Strath
Oykel–Lower Loch Shin area (Read et al. 1926,
pp. 119–124), and particularly by Read for the adja-
cent Central Sutherland area (Read 1931, pp. 43–
50), is reminiscent of the earlier microstructural
work by Teall on the Moine Thrust zone mylonites
and shear zones of the foreland (Teall 1885,
1918). Read’s description of the progressive change
in deformation-induced microstructures in quartz,
feldspar, mica and garnet that are keyed against dis-
tance from the underlying Moine Thrust plane strike
the modern reader as being far ahead of their time.
For the Ben Hee area (located 9.7 km east of the
Moine Thrust between the Eriboll and Assynt
regions; Figs 1 & 2) Read went on to quantify the
structural distances at which microstructures associ-
ated with the earlier regional metamorphism begin
to be overprinted by thrust related microstructures.
Assuming a 68 dip on the underlying Moine
Thrust plane, Read estimated that ‘dislocation-
effects’ were visible for vertical distances of
0.34–0.50 km above the thrust plane and might
occur at double these distances (Read 1931, p. 44).
Only recently has it been discovered that an
additional thrust (the southern continuation of the
Ben Hope Thrust) may extend through this region
(Cheer 2006; Alsop et al. 2010; Leslie et al.
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2010), complicating the microstructural transition
first documented by Read (1931).

Reviewing all these data, Read (1934b) con-
cluded that: a) the low grade of the Moine Schists
near the thrust zone was due to retrogressive (‘dislo-
cation’) metamorphism; b) the similarity in grain
shape texture and mineral composition between
the schists and sheared Torridonian rocks below
the Moine Thrust was due to ‘metamorphic conver-
gence’ as deformation and metamorphism of differ-
ent rocks of the same bulk composition, regardless
of their texture, will tend to produce similar
products; and c) the Moine series and its meta-
morphism were of pre-Torridonian, and probably
Lewisian, age.

Following the earlier Survey interpretation,
Read regarded the faint east to SE plunging ‘slicken-
sides’ (Fig. 5a) in his progressive belt of ‘disloca-
tion metamorphism’ as being ‘. . . due to a
stretching-effect resulting from the thrusting move-
ments in a generally north-westerly direction . . .’
(Read 1931, p. 45). In contrast, south-easterly plun-
ging rod-like structures located further to the east
(including the famous structures at Oykell Bridge;
Fig. 2; see reviews by N. J. Soper in Mendum
et al. 2009, pp. 434–439 and Leslie et al. 2010)
and above the belt of ‘dislocation metamorphism’
were regarded as having a more complex origin
involving the two systems of folding previously
identified by Peach et al. (1907).

There is first a folding produced by compressive forces
acting in a north-east and south-west direction, and
second a deformation at right angles to this, resulting
in a stretching along north-west and south-east lines
and with axial planes dipping south-east. The stretch-
ing is in harmony with the dip of the Moine Thrust
and the disposition of the rearranged belt immediately
above this plane, and may be regarded as an obvious
accompaniment of the thrust movements to the north-
west (Phemister in Read et al. 1926, p. 121; see also
Read 1931, p. 45).

Clearly, although Phemister and Read considered
that regional metamorphism in the Moines was
earlier than motion on the underlying Moine Thrust
zone, at least at this time they also regarded this
‘stretching deformation’ that was synchronous with
motion on the thrust zone as extending beyond the
eastern limit of Read’s belt of dislocation meta-
morphism into the higher grade Moine rocks.
Indeed in his 1934 review paper Read commented
on the along strike variability in degree of eastward
penetration of ‘dislocation metamorphism’ into the
previously regionally metamorphosed Moines,
based on thin section analyses. In particular, Read
noted that in the type locality for the Moines, to the
east of Loch Eriboll, the effects of ‘dislocation meta-
morphism’ overprinting the regional metamorphic
mineral assemblages extended almost to Melness

and Tongue (Figs 1 & 2), some 10–12 km east of
the Moine Thrust (Read 1934b, p. 308).

1920s–1950s: quartz fabrics in the Moine

Schists and movement directions

Quartz c-axis fabrics and Sander’s

tectonic cross

In addition to the microstructural/petrographic
work by H. H. Read reviewed in the previous
section, arguably the other major body of work
carried out during the 1920s–1950s on the
Moines, and their potential relationships to the
Moine Thrust zone, was by Frank Coles Phillips.
This marked a radical departure from previously
employed research methods (field mapping and
thin section-based petrography/microstructural
analysis) and involved measurement of the c-axis
orientation of quartz grains in the plastically
deformed and recrystallized rocks using an optical
microscope and universal stage.

The analytical technique itself was not new, the
universal stage having been invented by Evgraf
Federov for single-grain thin-section analysis of
feldspar in the early 1890s. However, it was only in
1925 that the first example of a preferred orientation
pattern (fabric) of quartz c-axes was reported by
W. Schmidt from a naturally deformed rock
(Schmidt 1925) making use of a modified universal
stage, designed by Max Berek and manufactured by
Leitz, that allowed multigrain petrofabric analysis
(Berek 1924). In this landmark paper Schmidt also
introduced the Lambert equal area projection, now
also referred to as a Schmidt projection, in to struc-
tural geology thereby laying the foundations for 3D
statistical analysis of point data, such as quartz
c-axes. This first recorded quartz c-axis fabric was
presented in sample coordinates in which the projec-
tion plane was perpendicular to foliation and parallel
to lineation (reproduced in Wenk 1979, fig. 3). The
central part of the fabric described by Schmidt
(1925), which in modern terminology (Lister 1977)
would now be referred to as a Type I cross-girdle
fabric, consisted of a planar distribution (girdle) of
c-axes orientated perpendicular to the sample linea-
tion. Speculation swiftly followed on the kinematic
or tectonic interpretation of such fabrics (see
review by Howarth & Leake 2002, pp. 18–21).

Central to this interpretation was the basic
premise by Bruno Sander (1911) that ‘the symmetry
of a rock fabric reflects the symmetry of the move-
ment picture that produced that fabric’. Sander
proposed a set of mutually orthogonal kinematic
co-ordinate axes such that for a fabric with monocli-
nic symmetry (and only for a fabric with monoclinic
symmetry) then the unique symmetry axis should be
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labelled b and the principle movement plane ab,
while c is normal to the ab-plane (Sander &
Schmidegg 1926, p. 328; Sander 1930, p. 46). These
axes were strictly kinematic axes, and not fabric
axes. As summarized by Turner & Weiss (1963,
p. 396): for plane deformation involving gliding
on a family of displacement discontinuities, as in a
card deck, a is the slip direction, b is normal to a
in the slip plane, and c is the normal to the slip
plane (Fig. 6a). If an axis of rotation (such as a
fold axis) could be identified in hand sample or
outcrop, Sander labelled this axis B. There was no
implication in Sander’s publications that B and b
should necessarily be coincident although com-
monly they are – but one should emphasize, not
always (Alison Ord pers. comm. 2009).

However, from this arose the procedure adopted
by many, but not all, geologists of directly relating
Sander’s ‘tectonic cross’ of three kinematic axes to
fabric elements such as folds. In this framework
the fabric a-c plane was orientated perpendicular
to fold hinges with the fabric a-axis, at least in the
hinge zone, orientated perpendicular to fold hinge
planes and/or axial planar foliation. The fabric
b-axis was orientated parallel to any fold hinge or
lineation developed at the hand sample or outcrop
scale (Fig. 6b). This framework assumed of course
that lineation, of whatever origin, always develops
parallel to local fold hinges. As discussed by
Turner & Weiss (1963, pp. 396–397), herein lay
several sources of confusion between Sander’s
kinematic axes which were based on symmetry
principles, and how some geologists attempted to
equate the fabric elements of a tectonite with
Sander’s kinematic axes. For example, some geol-
ogists would make the fundamental assumption
that fold hinges developed parallel to Sander’s kin-
ematic b-axis, while others would assume that
elongated linear features such as stretched pebbles
developed parallel to Sander’s kinematic a-axis.
The use of such a fabric-based coordinate system
for a deformed rock in itself assumes a very
simple displacement field of plane deformation
that amounts to simple shear (Hobbs et al. 1976,
p. 281). In contrast, in homogeneous non-plane
deformation it is impossible to define precisely
any single direction of ‘movement’, ‘flow’ or ‘tec-
tonic transport’ within the strained body (see also
review by Ramsay 1967, pp. 333–335). Further,
the ‘movement picture’ within a strained body,
such as a mylonite zone, might be radically different
from the larger scale displacements on fault surfaces
bounding the strained body. From an historical per-
spective, however, this would not become clear – at
least to some specialists – until the early 1960s. In
the 1930s–1950s many, but not all, structural geo-
logists assumed that lineation would develop by
stretching at right angles to the direction of ‘tectonic

flow’, in contrast to the early Survey workers on the
Moine Thrust zone who considered that the ESE
plunging mineral lineations on mylonitic foliation
(Fig. 5a) developed parallel to tectonic transport
(e.g. Geikie 1884).

In the original quartz fabric described by
Schmidt (1925) lineation was observed to be per-
pendicular to the central segment or girdle of the
c-axis fabric. Sander followed Schmidt (1932,
pp. 188–192) in assuming that, at least in some
cases, deformation of quartz aggregates involved
plastic deformation in which slip occurred on
either one set of crystallographic planes (simple
shear) or two sets of planes (Fig. 6c) which were
symmetrically orientated such that the maximum
compression direction acts in the plane that bisects
the obtuse angle between the slip planes (pure
shear). From this it was argued that the quartz
c-axes in a plastically deforming rock would align
in a great circle girdle orientated perpendicular to
the kinematic b-axis and parallel to the kinematic
a-axis (Fig. 6d, e), with single or double c-axis
point maxima within this girdle distribution indi-
cating pole positions to the planes of crystal slip
(Sander 1930, 1970). The physical basis for this
simple two-dimensional (2D) geometric model is
uncertain. Wenk & Christie (1991) have pointed
out that its continued influence on structural petrol-
ogists up until the early 1960s clearly ignored
seminal advances being made by metallurgist by
the mid-1930s in rigorous 3D crystal fabric model-
ling (e.g. Taylor 1934, 1938; Orowan 1934).

The crucial historical point here, however is that,
at least from a simplistic viewpoint, (e.g. assuming
simple shear) this model offered a potential analyti-
cal method for determining the ‘movement’ direc-
tions in deformed rocks. According to Phillips
(1937), Sander (1930, p. 57) had reasoned that the
great circle girdle of c-axes produced by the
plastic deformation of quartz should develop paral-
lel to the plane containing the axes of greatest and
least principal stress. Following on from this it
was assumed that the fabric b-axis, which by defi-
nition was orientated perpendicular to the c-axis
single girdle, should also be perpendicular to the
‘movement’ direction (Phillips 1937, p. 591).
Quartz petrofabric analysis therefore appeared to
offer a way to determine movement directions in
orogenic systems, albeit by making a large number
of simplifying assumptions.

Frank Coles Phillips was one of the first struc-
tural petrologists to apply this new analytical
method, based on concepts developed in Germany,
at a regional scale. He was in an unusually strong
position to do this. Philips was familiar with the
new universal stage techniques developed by
Schmidt (1925), and he was fluent in German and
therefore could read the publications by Schmidt
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and Sander without needing a translation. He would
eventually also translate a later version of Sander’s
textbook in to English (Sander 1970). Phillips also
clearly understood the potential implications of this
new petrofabric technique for determining whether
or not at the regional scale the Moines were perva-
sively affected by top-to-the-WNW shearing, as
already documented in the underlying Moine
Thrust zone. If the two units had been affected by
the same tectonic movements then, in geographic
coordinates, they should yield similar WNW–ESE
striking single girdle quartz fabrics, the inferred
b-axis trending NNE–SSW at right angles to the
fabric girdles (Fig. 7a, b). In contrast if pervasive

deformation of the Moines was unrelated to (and
perhaps earlier than) motion on the Moine Thrust
then some other orientation of quartz fabrics might
be expected (Fig. 7c, d).

Phillips was aware that by the mid-1930s an
alternative model for quartz fabric formation,
based on mylonites in southern Sweden, had been
suggested by Martin (1935) in which the single
girdle c-axis fabric might, in at least some cases,
develop perpendicular to the plane of movement,
rather than parallel to the plane of movement as
assumed in the model of Schmidt & Sander.
However, Phillips dismissed this model in favour
of the Schmidt/Sander model, commenting in his
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first major petrofabric paper that the evidence pro-
vided to support the Martin (1935) model ‘cannot
be considered adequate to upset one of the funda-
mental findings of fabric analysis’ (Phillips 1937,
p. 591). In contrast, integration of field and petrofab-
ric data from the Norwegian Caledonides would, in
the following decades (e.g. Strand 1945; Kvale
1945, 1953; see review by Anderson 1948), come
to support the Martin (1935) model. This would
ultimately result in structural petrologists working
on the Norwegian Caledonides making diametri-
cally opposed interpretations on ‘tectonic move-
ment directions’ to those advanced by Phillips for
the Caledonides of NW Scotland.

Phillips’ petrofabric work is reviewed in exten-
sive detail in the memoir by Howarth & Leake
(2002). Here we briefly summarize some of the
more important results and their role in later
debates on inferring kinematic frameworks from
structural and petrofabric data.

Frank Coles Phillips’ petrofabric work

on the Moine Schists

Phillips began fieldwork for his petrofabric study of
the NW Highlands in 1936 collecting approximately
200 orientated samples from the Moine Schists and
Moine Thrust zone, together with a few samples
from the foreland (Fig. 2). Remarkably a first
paper, based on quartz (and mica) petrofabric data
measured in 80 orientated thin sections cut from
samples collected from 35 localities (of which 31
lay to the east of the Moine Thrust) was published
in the following year (Phillips 1937). The sections
were cut in various orientations relative to the
strike and dip of foliation (Phillips 1937, p. 586).
Typically 250–300 grains were measured in each
thin section. Phillips was careful to distinguish
between inferred kinematic b-axes (his figs 1 & 2),
which by definition occupied a pole position to
measured single girdle c-axis fabrics, and macro-
scopic mineral lineations (his fig. 5) observed in
hand sample. In practice, however, the mineral
lineation was generally found to be coincident
with the b-axis inferred from the quartz fabric
(cf. Fig. 5a, b); that is, the lineation itself occupied
a pole position to the measured quartz c-axis fabric
girdle (Fig. 7c). In this paper Phillips presented his
fabric data on lower hemisphere Schmidt equal
area projections, which were dominantly orientated
perpendicular to macroscopic lineation, where
present in hand sample. In this projection plane
the c-axis data is typically concentrated around the
primitive circle of the projection plane (Fig. 7d)
thereby making it difficult to distinguish between
single girdle and more complex fabric patterns
(such as cross-girdle fabrics).

Philips found that within the Moine samples the
inferred fabric b-axes plunged towards the south and
east defining a gently curving pattern in map view
(Phillips 1937, p. 594). Close to the outcrop of the
Moine Thrust the trend of the fabric b-axes was at
a high angle to the local strike of the thrust plane,
plunging to the ESE in the northern part of the
region (north coast south to Ullapool) with a more
SSE-trend traced towards Skye (Fig. 5b). This data
set included samples collected from mylonites adja-
cent to the Moine Thrust in which the ESE plunging
mineral lineation (Fig. 5a) had previously been
interpreted as indicating WNW directed thrust
transport (e.g. Geikie 1884). Further eastwards
into the Moine the inferred fabric b-axes turned to
a more southerly trend (Fig. 5b). The degree of
quartz fabric development in samples collected
from within the Moine Thrust zone was apparently
too low for meaningful interpretation. Two things
were immediately apparent from this map pattern
of inferred b-axes. First the remarkable constancy
in orientation of measured quartz fabrics and
inferred b-axes traced across a huge area of the
Moines (Fig. 5b). Second, that adopting the kin-
ematic model developed by Sander (Fig. 6), the
ESE–SE trending b-axes would indicate that pen-
etrative deformation of the Moines was associated
with tectonic movement in a NNE–SSW to NE–
SW direction (Fig. 7c, d) that is parallel to the
strike, rather than the dip direction, of the Moine
Thrust zone. McLachlan (1953) would later argue
that supporting evidence for Phillips’ inferred
NE–SW transport direction in the Moines was furn-
ished by inclusion trails in garnets collected from
Moine amphibolites in the hanging wall to the Ben
More thrust at the south end of the Kyle of
Tongue (Figs 1 & 2). In the amphibolite sample
collected, thin sections cut perpendicular to the SE
plunging mineral lineation showed S-shaped spiral
inclusion patterns, while section cut parallel to
lineation and perpendicular to foliation showed no
signs of garnet rolling. McLachlan (1953) reasoned
that the SE plunging lineation was thus parallel to
the rotation axis of the garnets and therefore parallel
to the kinematic b-axis.

These inferred NE–SW to NNE–SSW move-
ments could be responsible for the system of
WNE–ESE trending folds identified in the Moines
by the early Survey geologists, who regarded them
as ‘one of the structures that have resulted from
the post-Cambrian movements’ (Peach et al. 1907,
p. 601). In contrast, in their discussions on formation
of the ESE plunging mullion structures in the
Moines, Phemister and Read seem to have left
open whether their inferred early phase of ESE plun-
ging folds entirely predated Caledonian (post-
Cambrian) deformation, or was of early Caledonian
age, but pre-dated their inferred later WNW–ESE
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directed stretching which they associated with
motion on the Moine Thrust (Phemister in Read
et al. 1926, p. 121; see also Read 1931, p. 45).

Phillips interpreted his inferred NNE–SSW
phase of movement within the Moines (Fig. 7c, d)
as predating WNW-directed motion on the Moine
Thrust zone and speculated that it was of pre-
Torridonian and possibly even Lewisian age
(Phillips 1937, pp. 604–605). This conclusion was in
a general sense compatible with H. H. Read’s view
that the Moines had been regionally metamorphosed
before development of the Moine Thrust zone. Left
unanswered, however, was why samples collected
by Phillips from the transition zone identified by
Read (1931), in which older metamorphic fabrics
in the Moines were progressively overprinted by
deformation microstructures clearly associated
with the underlying Moine Thrust zone, should still
yield quartz fabrics for which the inferred fabric
b-axes apparently indicated tectonic transport in a
NNE–SSW direction. Phillips could only suggest
that in this transition zone deformation was domi-
nated by cataclasis that did not reset the older
quartz preferred orientation (Phillips 1937, p. 600).
This view of cataclasis dominated retrograde dislo-
cation metamorphism at the base of the Moine
Nappe was not shared by MacGregor (1952) who
recognized a transition in Moine psammite quartz
recrystallization textures approaching the under-
lying Moine Thrust at the south end of the thrust
zone. MacGregor (1952) regarded dislocation meta-
morphism in his ‘abnormal Moines’ as involving
simultaneous partial cataclasis and continued crys-
tallization of quartz, mica (including biotite) and
alkali feldspar, the presence of unaltered garnet indi-
cating that at least during early stages of motion on
the Moine Thrust shearing occurred at temperatures
not lower than those of the garnet zone.

Frank Coles Phillips’ petrofabric work

on the Tarskavaig Moines

In 1937 Phillips collected orientated samples from
the Tarskavaig schists for petrofabric analysis.
These schists lie within the Moine Thrust zone at
the southern tip of Skye (Figs 1 & 2; see review by
R. F. Cheeney and M. Krabbendam in Mendum
et al. 2009, pp. 341–348) and are situated immedi-
ately beneath the Moine Thrust. Clough (in Peach
et al. 1907, pp. 619–620) had previously speculated
that metamorphism of the Tarskavaig schist (also
referred to as the Tarskavaig Moines) occurred
after regional metamorphism but before thrusting.
As these rocks were now caught up within the
Moine Thrust zone, was it possible that their
fabrics might now record a petrofabric signature
associated with thrusting? If so, then adopting the

Sander model (Fig. 6), resultant quartz single-girdle
fabrics in the Tarskavaig rocks might be expected to
be orientated NW–SE (with an inferred b-axis trend-
ing NE–SW; Fig. 7a, b), while the Moine Schists to
the SE of the Moine Thrust would still retain the
NE–SW orientated quartz-girdle fabrics (and asso-
ciated NW–SE trending b-axis; Fig. 7c, d) pre-
viously documented by Phillips (1937) in an earlier
larger scale study of the Moines. As Phillips (1937)
had previously argued that the quartz fabrics in the
Moines were of Lewisian age, he now reasoned
that if NW–SE orientated quartz girdles related to
thrusting were found in the Tarskavaig rocks this
would indicate that they must be of post-Lewisian,
and probably Torridonian protolith age.

With the exception of one sample from the Tars-
kavaig rocks, this was exactly what Phillips found
when he plotted his petrofabric data on lower hemi-
sphere nets in which the projection plane was orien-
tated parallel to the geographic horizontal, that is,
the fabric data was presented in plan view
(Phillips 1939). Philips therefore concluded that tec-
tonic movement in the Tarskavaig and Moine rocks
were in NW–SE (Caledonian) and NE–SW direc-
tions respectively (cf. Fig. 7a, c) and that the proto-
lith of the Tarskavig rocks was of Torridonian age.
Although not explicitly stated, this all assumes, of
course, that: a) Phillips was correct in his assertion
that single girdle quartz fabrics developed parallel
to the tectonic transport direction; b) potentially
earlier quartz fabrics in the Tarskavaig rocks have
been overprinted by later thrust-related fabrics;
and c) the crystal fabrics have not been bodily
rotated during later deformation.

The tectonic foliation in the Tarskvaig rocks
defines a km-scale SSW plunging synform (the Tars-
kavaig Synform) in the footwall to the Moine Thrust.
With the exception of the one sample mentioned
above, all of the Tarskavaig samples collected by
Phillips (1939) were taken from the hinge zone and
W dipping limb of the synform. Mineral lineations
on this limb have a generally north–south trend. In
contrast, lineation on the SE dipping limb plunges
to the SE and it was on this limb that Phillip’s
only Tarskavaig sample with a NE–SW orientated
quartz c-axis girdle fabric had been collected. In
present-day geographic coordinates this girdle from
the SE dipping limb of the Tarskavaig Synform
was in an almost identical orientation to the fabrics
measured in the SE dipping Moine schists above
the Moine Thrust. Law & Potts (1987) have demon-
strated that the anomalous north–south orientation
of lineation on the west-dipping limb of the Tarska-
vaig Synform may be explained by rotation of orig-
inally SE plunging lineations (now preserved on
the SE-dipping limb) about the hinge of this plunging
fold. It was this locally modified lineation (and its
associated quartz fabrics) that were mistakenly

MICROSTRUCTURES AND CRYSTAL FABRICS OF THE MOINE THRUST ZONE 461



taken by Phillips (1939) to be representative of all the
Tarskavaig rocks (Law & Potts 1987).

Frank Coles Phillips: composite quartz

fabrics from the Moine Schists

Phillips original petrofabric work on the Moine
Schists of the NW Highlands had indicated a
remarkably simple map pattern of SE–NW trending
fabric b-axes (Fig. 5b; Phillips 1937). An almost
identical map pattern of mineral lineations ascribed
to a D2 deformation event would later be recognized
in the Moine Supergroup (Fig. 5a; see also Strachan
et al. 2002, p. 123; Mendum et al. 2009, p. 357).
These inferred fabric b-axes were by definition
taken to occupy pole positions to the measured
quartz c-axis fabrics girdles and usually occupied
a position on the fabric diagram in which few, if
any, c-axes plotted (Fig. 7c). In his last paper in
which new petrofabric data from the Moine
Schists would be published, he attempted to verify
the statistical validity of his earlier conclusions
(Phillips 1945). This involved the incredibly labour-
intensive task of manually transferring and rotating
12 450 c-axis measurements from 50 previously
analysed samples on to a common equal area lower
hemisphere projection plane orientated parallel to
the geographic horizontal, that is, the fabric data
was presented in plan view. It will be recalled that
Phillips had previously employed this projection
method for single sample data in his earlier study
of the Tarskavaig rocks (Phillips 1939). As expected,
the composite contoured fabric consisted of a single
broad girdle of c-axes defining a great circle striking
SW–NE and dipping steeply to the NW. The pole
(inferred b-axis) to this great circle distribution of
c-axes, which occupied a c-axis free area in the SE
quadrant of the plot, plunged at a low-moderate
angle to the SE (cf. Fig. 7c). This was regarded as
confirming his previously published fabric measure-
ments. In contrast, a similar composite quartz fabric
diagram constructed from 2350 c-axes measured in
Torridonian and Cambrian rocks ‘visibly affected
by the overthrusting movements of the Caledonian
Orogeny’ (Phillips 1945, pp. 206–207) was charac-
terized by a NW–SE striking girdle with an inferred
NE–SW trending b-axis (cf. Fig. 7a). This seemed
to confirm Phillips’ earlier views on different move-
ment directions in the Moines and Moine Thrust
zone, but it is unfortunate that he did not state
from where the thrust zone samples were collected.
Confusingly, however, he also demonstrated that
samples of Moine Schist caught up in the ‘zone of
dislocation’ near Glenelg, at the southern end of
the Moine Thrust zone (Fig. 2), were characterized
by SW–NE trending fabric girdles and SE-plunging
b-axes (Phillips 1945, p. 213), but did not make any

meaningful comment on the potential significance
of these fabrics.

In this 1945 paper Phillips also experimented
with rotating his fabric data in to different projection
planes in order to view his measured fabrics from
different orientations. In addition to presenting his
data in geographic coordinates, he also rotated
fabric data sets into projection planes orientated
either perpendicular to sample lineation or parallel
to lineation and perpendicular to foliation. This
second orientation (which is now used almost exclu-
sively in modern petrofabric work) was found to be
particularly useful for identifying differences
between his measured fabric patterns. While some
samples were characterized by single c-axis fabric
girdles, others collected near Kinlochewe (Fig. 2)
were characterized by two girdles whose intersec-
tion line lay within the foliation at right angles to
the sample lineation. This type of cross-girdle
pattern would be referred to as a Type II cross-girdle
fabric (Lister 1977) in present-day terminology.
Phillips (1945, p. 218) tentatively suggested that
these cross-girdle fabrics indicated two periods of
deformation, the later deformation being associated
with Caledonian overthrusting. It would be some 30
or more years before numerical fabric simulation
studies based on rigorous materials-science princi-
pals would demonstrate that such cross-girdle
fabrics can develop during a single progressive
(plane strain) coaxial deformation (Lister et al.
1978; Lister & Hobbs 1980), as originally suggested
by Sander (1930, 1934).

Petrofabric work by Law & Potts (1987) on the
Tarskavaig and Moine rocks of Skye has unequivo-
cally confirmed both the pattern of quartz c-axis
fabrics described by Phillips (1939) and the present-
day orientation of these fabrics. The difficulty with
Phillips’ petrofabric work was not the fabric data
itself, but interpretation of the data.

Frank Coles Phillips and the Moine

Petrofabric Controversy

The fundamental assumption made by Phillips in his
1937 and 1939 papers was that Schmidt and Sander
were correct in their assertion that single girdle
quartz fabrics developed parallel to the tectonic
transport direction (Fig. 6d, e). By the late 1930s–
mid 1940s a number of studies in other orogenic
belts had confirmed that these girdles were com-
monly orientated at a high angle to mineral lineation
(Sander’s fabric b-axis) observed in hand sample.
Also by this time, however, debate was building
on whether lineation (of unspecified origin) devel-
oped perpendicular to tectonic transport as assumed
by Phillips, or developed parallel to tectonic trans-
port as originally suggested by Geikie (1884) for

R. D. LAW & M. R. W. JOHNSON462



the Moine Thrust zone mylonites at Loch Eriboll.
From these inter-connected arguments two end-
member kinematic interpretations can be distin-
guished (Fig. 8): the ‘orthodox’ interpretation
that single girdle fabrics developed parallel to the
tectonic transport direction (Sander 1930, 1948)
and the ‘revised’ or ‘alternative’ interpretation
that girdle fabrics developed perpendicular to the
direction of shearing or transport (e.g. Anderson
1948).

This was of critical importance for interpretation
of Phillips’ petrofabric data. If lineation did develop
parallel to the transport direction, then did the
impressively constant NE–SW orientation of the
quartz girdle fabrics measured by Phillips (1937)
within the Moines, as indicated by the NW–SE
trending b-axis poles to these fabric girdles
(Figs 5b & 8c), actually indicate that the Moines
were pervasively effected by SE–NW directed
movement far back to the east of the Moine Thrust
zone? If so, then was all this deformation necessarily
associated with motion on the underlying Moine
Thrust zone or, as originally suggested by Peach
et al. (1913, p. 27), was movement on the Moine
Thrust zone merely a marginal phase of pervasive
SE–NW directed movement in the interior of the
larger scale orogenic system? Of equal importance,
although often overlooked, was the question of by
what mechanism – or mechanisms – did these linea-
tions form? As mentioned above, based on outcrop
to grain scale observations the early Survey geol-
ogists had argued that ESE-trending rod structures
in the Moines could locally form by either folding
or by constrictional flow (Peach et al. 1907,
p. 603; 1912, p. 49). By what other mechanisms
might lineations form, and could they develop at
any angle to tectonic transport? As summarized by
Ernst Cloos in his 1946 Geological Society of
America memoir on lineation, the situation was
obviously complex (Cloos 1946). The lineation
debate would rumble on in to the 1960s, placing
increasing doubt (at least in the minds of many geol-
ogists) on the practical value of petrofabric analysis
as a tool for solving tectonic problems (e.g. Cloos &
Hietanen 1941, p. 37).

Although this was a general debate of inter-
national scope, with data being cited from a
number of orogenic belts on different continents, a
great deal of attention was focused on the quartz
fabric data described by Phillips from the Northwest
Highlands, resulting in the ‘Moine Petrofabric Con-
troversy’ (Howarth & Leake 2002). Particularly
important contributions to the lineation debate,
which led to increasing specific controversy over
how Phillips’ petrofabric data should be interpreted,
were made during the 1940s–early-1950s by Kvale
(1941, 1945, 1946, 1948) and Strand (1945). These
integrated structural and petrofabric studies in the
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interpretations of the observed NNE–SSW trending
single girdle quartz fabrics observed in the Moine
Schists. Data are viewed in geographic coordinates in
(a) and in inferred kinematic framework coordinates in
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Norwegian Caledonides indicated that linear strain
features, such as plastically deformed quartz
pebbles at Bygdin, developed parallel to the local
transport direction with associated quartz c-axis
girdles forming perpendicular to transport. Review
articles by Anderson (1948) and Kvale (1953) fol-
lowed. Both Anderson and Kvale clearly favoured
the ‘revised’ or ‘alternative’ interpretation that
girdle fabrics developed perpendicular to transport
(Fig. 8c), as originally suggested by Martin
(1935). This led to what might politely be called
‘heated discussion’ by those who championed appli-
cation of the ‘orthodox’ view of relationships
between lineation, quartz fabric orientation and
tectonic transport in the Scottish Highlands (see par-
ticularly discussion by McIntyre in Kvale 1953,
pp. 64–69 and also general discussion in Wilson
1953, pp. 145–151; Sutton & Watson 1954,
pp. 50–53; McIntyre 1954, pp. 220–223).

During the ‘Moine Petrofabric Controversy’ of
the 1940s and 1950s Phillips published two papers
(Phillips 1949, 1951), together with several short
discussion articles (Phillips 1947, 1953) defending
his ‘orthodox’ view on quartz fabric interpretation.
These were primarily discussion papers in which
the main line of defence for the orthodox view
seems to have been that while the Moine Schists
were characterized by NE–SW orientated quartz
fabric girdles (Fig. 7c), samples of Torridonian
sandstone and Cambrian quartzite caught up in the
Caledonian thrusting yielded NW–SE trending
girdle fabrics (Fig. 7a). This is the same argument
made in his earlier paper (Phillips 1945; see
above), but in this later paper (Philips 1951,
p. 232) he emphasized that these samples (not
shown in the paper) had ‘. . . a low degree of
[quartz c-axis] preferred orientation with poorly
defined girdles, but with the orthodox relationships
to the north-westerly movements’. This new
caveat may indicate that Phillips was beginning to
harbour some doubts on the reliability of his fabric
data from the thrust zone. At best, arguments for
or against applicability of the ‘orthodox’ and
‘revised’ interpretations of quartz c-axis fabric
data from the NW Highlands remained ‘not proven’.

During the late 1940s and early 1950s debate
intensified on the use of linear structures such as
fold hinges, quartz rods and mullions as indicators
of tectonic transport direction. Should they be inter-
preted as developing:

1. perpendicular to the tectonic transport direction
(i.e. parallel to the kinematic b-axis) as advo-
cated by many, but certainly not all, structural
geologists working in the Scottish Highlands;

2. parallel to transport direction (i.e. parallel to
the kinematic a-axis); or

3. oblique to the transport direction?

As outlined above, these scenarios assumed a very
simple displacement field of plane deformation
that amounted to a simple shear. Examples of this
debate, with specific relevance to the Caledonides
of Scotland and Norway, can be found in discus-
sions to the papers by Anderson (1948), Kvale
(1953), Wilson (1953), McIntyre (1954), Sutton &
Watson (1954) and Phillips (1956). One contri-
bution by S. E. Hollingworth (in discussion of
Kvale 1953, p. 67) was decades ahead of its time.
Hollingworth argued that:

In general, he was inclined to doubt whether there was
a fundamental incompatibility in the various views that
had been expressed as to the relation of fold-axes,
lineations and directions of movement. Under normal
compressional stresses producing folds in the b direc-
tion, lineation in b might well result: while, if move-
ment were more in the nature of tensional drag or
flowage, fold axes and lineation parallel to a could be
developed. The first case the speaker illustrated by pro-
ducing on a cloth laid on a table the usual crumpling or
folding transverse to the direction of pressure and
movement, and then, by pulling the cloth at one end,
produced folds parallel to the direction of movement.
In an orogenic belt, the early folding was likely to be
in b, but as compression became greater and the
folded strata rode outwards over the foreland area,
flow, stretching and folding parallel to the direction
of movement could arise.

Although not actually mentioning the rotation of
fold hinges into the movement direction with pro-
gressive deformation, the table cloth analogy
given by Hollingsworth is remarkably close to the
concepts of non-cylindrical folding and sheath fold
development associated with layer-parallel shear-
ing, that would first be proposed in the late 1970s.

It would be a further nine to ten years before
Derek Flinn would publish his seminal paper ‘on
folding during three-dimensional progressive defor-
mation’ in which he argued that fold hinges
(Sander’s B axis) do not have a special orientation
with respect to the flow (strain) of rocks and there-
fore cannot be used as movement indicators (Flinn
1962, p. 425). Flinn (1962) went on to argue that
Sander’s tectonic axial cross (of a, b and c fabric
axes; Fig. 6) should be abandoned and replaced by
the strain ellipsoid in tectonic analysis. Abandon-
ment of Sander’s tectonic axial cross was also
recommended by Turner & Weiss (1963, pp. 395–
400) who, as mentioned above, argued that it was
generally impossible to define precisely any single
direction of ‘movement’ or relative displacement
within a strained body; see also discussion by
Ramsay (1967, pp. 333–335). Turner & Weiss
(1963) also argued that the movement picture
within a mylonite zone may be radically different
from the contemporaneous large-scale displacement
on any adjacent fault planes, citing the controversy
regarding relationships between movement on the
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Moine Thrust and its associated mylonites as a case
in point. Similar arguments had previously been
made by Flinn (1961), based on analogue modelling
experiments.

It would be a further 20–30 years before a con-
vergence of theoretical work on strain and shear
zone development (Ramsay & Graham 1970),
studies of quartz fabric development in carefully
constrained natural shear zones (e.g. Hara et al.
1973; Carreras et al. 1977), experimental quartz
deformation studies (Tullis et al. 1973, Tullis
1977) and rigorous numerical fabric modelling
(e.g. Lister et al. 1978; Lister & Williams 1979)
would lead to a general consensus that single and
cross-girdle c-axis fabrics form at a high angle to
the maximum principal strain direction (see
below) and that the ‘revised’ tectonic interpretation
of such quartz fabrics (Figs 8a & 9a) was in fact
applicable to most shear zones.

1950s–1960s: new interpretations of

quartz fabrics and microstructures

During the 1950s a series of projects on the central-
southern part of the Moine Nappe were undertaken
by staff and research students based at Imperial
College, University of London. These were primar-
ily field-based structural mapping projects, but
many also involved at least a small component
of petrofabric work on representative orientated
samples. The projects included: a) the study by
John Sutton & Janet Watson (1953) of Lewisian
rocks in the Scardory Inlier and surrounding
Moine rocks; b) Tom Clifford’s (1957) work on
the Moine of the Kintail District; c) John
Ramsay’s (1957) seminal study of superimposed
folding of the Moine at Loch Monar; d) Paul
Clifford’s (1960) work on the Moine rocks in the
Loch Luichart area; and e) Mike Fleuty’s (1961)
study of Moine rocks in the Upper Glen Orrin area
to the NE of Loch Monar. The locations of these
field areas are indicated in Figure 2. Additionally,
strain analyses of deformed conglomerates,
located near the stratigraphic base of the Torrido-
nian at the southern end of the Moine Thrust zone
in the Loch Carron–Lochalsh area, were described
by Kanungo (1956). In all of these projects universal
stage work indicated the almost ubiquitous presence
of a girdle of quartz c-axes orientated at a high angle
to the dominant ESE to SSE plunging minerals
lineations in these field areas (cf. Figs 2 & 5).

These data very much supported the findings of
Phillips (1937, 1945) on quartz fabrics within the
Moine, although Sutton & Watson (1953) did
point out that the observed parallelism between
quartz c-axis girdles and lineations in Lewisian
and Moine rocks of the Scardroy Inlier suggested

that the two units had been deformed by the same
penetrative deformation event. They argued that
any pre-existing fabric (i.e. in their Lewisian
samples) must have been destroyed during this
deformation. An identical conclusion was later
made by Ramsay (1957) based on petrofabric data
from the Lewisian and Moine rocks of the Loch
Monar area. Ramsay (1957) also recorded separate
(or cross) girdle fabrics in some of his samples
and suggested that the two girdles might be related
to the two phases of folding that he recognized in
the Moine rocks at Loch Monar. Ramsay (1957,
p. 301) argued that the rare cross-girdle c-axis
fabrics measured by Phillips in the Moine schists,
which had been interpreted by Phillips (1945,
p. 218) as being produced by an early phase of
deformation within the Moine Nappe being partially
overprinted by later Caledonian age motion on the
Moine Thrust (thereby producing a two girdle
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fabric) could, alternatively, also have been produced
by two successive phases of folding within the
Moine Nappe which were unrelated to motion on
the Moine Thrust. Similar interpretations of cross-
girdle fabrics, measured in the Moines of the Loch
Luichart and Glen Orrin areas, were made by
Clifford (1960) and Fleuty (1961).

Although tectonic interpretation of Phillips’
quartz petrofabric data from the Moine Schists had
become highly controversial by the early 1950s,
the fabric data itself was of high quality and the
clearly defined NE–SW fabric girdles were remark-
ably constant in orientation at the regional scale
(Fig. 5b). In contrast, as Phillips himself admitted,
his very limited fabric data from the deformed
Torridonian sandstones and Cambrian quartzites of
the Moine Thrust zone was characterized by fabric
girdles for individual samples which, although stat-
istically orientated NW–SE, were very poorly
defined (Phillips 1951). It was therefore probably
inevitable that the next generation of in-depth
fabric studies should concentrate on highly strained
rocks located in the thrust zone itself.

Petrofabric work was focused in two main areas:
the Assynt area in the northern part of the thrust
zone and the Loch Carron–Coulin Forest area in
the southern part of the thrust zone (Figs 1 & 2).
In both areas these petrofabric studies were the focus
for PhD theses: in the Loch Carron–Coulin Forest
area by Mike Johnson, supervised by Gilbert
Wilson, at Imperial College, London (Johnson
1955) and in the Assynt area by John Christie, super-
vised by Arthur Holmes, together with Donald
McIntyre and Lionel Weiss, at Edinburgh Univer-
sity (Christie 1956a). Preliminary abstract style
reports of fabric data were reported by Christie in
discussion of the review paper by McIntyre
(1954), and by both Christie (1956b) and Johnson
(1956) at a meeting convened by Phillips at
Bristol University in 1955 (Phillips 1956). A third
PhD thesis, on petrofabrics of the northern part of
the Moine Nappe and adjacent Moine Thrust zone,
was completed by Colin Crampton, supervised by
Phillips, at Bristol University (Crampton 1955).

Colin Crampton: quartz fabrics in the

northern part of the Moine Nappe

Crampton’s thesis work involved a wide ranging
study of preferred orientation of quartz, carbonate,
mica, epidote and albite in 90 orientated samples
collected from roadside exposures collected over a
large rectangular area extending from Loch Hope
and the Kyle of Tongue in the north southwards to
near Loch Maree and Contin (Figs 1 & 2). The
sampling including three traverses from the Moine
Thrust eastwards into the Moine Nappe: (a) Loch
More to Lairg; (b) southern Assynt to Bonar

Bridge; (c) Loch Broome to Braemore to Contin.
Strangely, no samples were collected from the belt
of mylonites adjacent to the Moine Thrust. The
data on epidote-mica-feldspar fabrics in the
Moines and petrofabric analysis of limestones in
the Loch Broom to Assynt areas of the thrust zone
was subsequently published by Crampton (1957,
1958) respectively. Samples were also collected
close to the sole and Glencoul thrusts in the
Assynt region, where Crampton (1963) argued that
preferred alignment of quartz c-axes parallel to
bedding might indicate an original sedimentary
fabric; degree of preferred crystal orientation,
however, was very low in these samples.

In his 1955 thesis Crampton documented numer-
ous examples of strongly developed quartz cross
girdle fabrics in the Moine schists which he
assumed, following Phillips (1937, 1945), indicated
the overprinting of an original quartz girdle associ-
ated with NE–SW movement, by a later girdle
associated with SE–NW movement (Crampton
1955, p. 450). Analysis of the quartz fabrics con-
tained in Crampton’s thesis indicates, however,
that traced westwards towards the Moine Thrust
there is a transition from strong cross-girdle
fabrics to single girdle fabrics. The cross-girdles
of c-axes intersect in a line lying within the foliation
at right angles to the ESE plunging mineral lineation
(cf. Fig. 9). Crampton’s single girdle fabrics close to
the underlying Moine Thrust are also orientated
SW–NE at a high angle to the ESE plunging
mineral lineation (cf. Fig. 8a). This transition from
cross-girdle to single girdle c-axis fabrics may
correlate with a change in quartz microstructures
in Crampton’s samples. For example, Crampton
(1963) noted that in approaching the Moine Thrust
the typical quartz microstructure of the Moine
schists changed from an equigranular texture of
grains with smooth sutured grain boundaries
(referred to as a ‘tessellate’ structure by MacGregor
1952) and lacking internal undulatory extinction, to
a highly sutured mosaic of inequigranular crystals
with strong undulatory extinction.

In the high metamorphic grade samples, col-
lected by Crampton (1955) far to the east of the
Moine Thrust, c-axes defined a point maxima at
the intersection of the two girdles – a Y-axis
maxima in present day terminology. In contrast, in
the relatively low-grade samples collected close to
the thrust, point maxima on the single girdle
fabrics were located between Y and the pole to foli-
ation (Z). These point maxima would now be inter-
preted as indicating the relative importance of prism
and rhomb slip respectively. It is exceptionally
unfortunate that Crampton never published the
Moine quartz fabric data contained in his thesis;
these data would now be regarded as a classic case
study of the influence of metamorphic grade, and
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arguably increasing penetrative strain, on c-axis
fabric development. The only published accounts
of this work are an abstract for the 1955 meeting
at Bristol (Crampton 1956) and a short communi-
cation without supporting data given by Phillips to
the Geological Society and published in their
Proceedings (Crampton 1959). The description of
fabrics given in this short communication is difficult
to reconcile with the data in Crampton’s thesis.

Mike Johnson: quartz fabrics in the southern

part of the Moine Thrust zone

Mike Johnson’s PhD thesis work on the Moine
Thrust zone started in 1953 on the Loch Carron
area and was extended in to the Coulin Forest area
in 1954 (Fig. 2), results from the two areas being
published in Johnson (1960) and Johnson (1957)
respectively. The Loch Carron field area consists
of a gently eastward dipping succession of inverted
Torridonian sandstones on the upper limb of the
Loch Alsh syncline that are overlain by Lewisian
rocks. Both units belong to the Kishorn nappe
and their contact had traditionally been interpreted
as an overturned unconformity (e.g. Peach et al.
1907, p. 565). However, at the contact between
Torridonian and overlying Lewisian intense
deformation occurs: the sandstones are strongly
foliated and lineated pebbles have been stretched
in an ESE direction (Kanungo 1956; see also
review by A. J. Barber in Mendum et al. 2009,
pp. 323–331) indicating a sheared contact between
the two units. Inversion of Torridonian rocks
beneath the sheared contact is clearly shown by
cross beds. Due to lack of appropriate markers it
remains uncertain whether the Lewisian is also
inverted or, alternatively, is simply thrust over the
Torridonian. The Lewisian rocks are separated
from Moine Schists to the east by a thick zone of
mylonites, the Moine Thrust plane being mapped
between the mylonites and overlying Moine
Schists. A set of gently ESE plunging mineral linea-
tions, locally defined on the east dipping foliation
planes by alignment of quartz, feldspar or hornble-
nde, is present in all these units. These lineations
(L1 phase of Johnson 1960) are parallel to the
hinges of small scale reclined isoclinal folds
(sensu Fleuty 1964) with hinge planes also dipping
gently to the east. A similar structural succession
is recorded in the Coulin Forest area to the northeast
of Loch Carron, but here the Kishorn nappe is much
thinner. Additionally, in the Coulin Forest area,
where the Moines Schists were mapped further
to the east, L1 lineation progressively changes
from an ESE to SE trend. Detailed petrographic
descriptions of the mylonites and overlying Moine
Schists in the two areas are given by Johnson
(1961). In both areas gently eastward dipping

foliation and associated linear structures are
refolded about NNE–SSW trending fold hinges
whose hinge planes are more steeply inclined.

Universal stage work on samples from the
Coulin Forest area documented well defined quartz
c-axis fabric girdles orientated perpendicular to
the ESE plunging lineation in both the Torridonian
rocks to the west of the Moine Thrust and in the
Moine schists to the east (Johnson 1955, 1957
plate 22). Very similar quartz fabrics were also
measured in all four units (Torridonian, Lewisian,
mylonite belt and Moine Schists) in the Loch
Carron area to the south (Johnson 1955, 1960,
p. 162). In other words, the measured fabric
girdles were orientated NNE–SSW in the deformed
Torridonian and Lewisian rocks (plus the mylonite
belt) to the west of the Moine Thrust, and in the
Moine Schist to the east (Fig. 8). This was clearly
in direct contradiction with the earlier work of
Phillips who had advocated (Fig. 7) that quartz
fabric girdles in the Moine Thrust zone and Moine
schists should be orientated NW–SE and NE–SW
respectively (see previous section of review).

Johnson’s fabric data clearly indicated a
common inferred transport direction in both the
Moine Schists and the adjacent rocks within the
Moine Thrust zone to the west. This transport direc-
tion would either have to be WNW–ESE (as would
be expected for rocks penetratively deformed in the
thrust zone) in both units assuming the ‘revised
interpretation’ that fabric girdles developed perpen-
dicular to transport (Fig. 8c), or NNE–SSW, assum-
ing the ‘orthodox interpretation’ that fabric girdles
developed parallel to transport (Fig. 8b) – which by
now was looking increasingly unlikely. Addition-
ally, Phillips (1937, pp. 600–601; 1945, pp. 212–
213, 215), essentially following Read (1931), had
previously argued that the Moine Schist quartz
fabric girdles were broken down by the thrust move-
ments. Johnson (1960, p. 164) could clearly demon-
strate that the high strain mylonites beneath the
Moine Thrust were in fact characterized by strongly
defined girdles orientated perpendicular to the
ESE-plunging lineation, suggesting that the
process of mylonitization (presumably including
synchronous recrystallization) associated with
top-to-the-WNW thrusting strengthened, rather
than weakened, the quartz fabric. Johnson’s fabric
data was, however, consistent with the suggestion
made by MacGregor (1952) that at least the early
stages of shearing and quartz recrystallization
along the Moine Thrust occurred at temperatures
not lower than those of the garnet zone. Several
structural geologists of later generations have
remarked that they would have liked to have been
a ‘fly on the wall’ when in 1955 PhD candidate
Mike Johnson defended these conclusions to his
external examiner – Frank Coles Phillips!
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The fabrics detected by Johnson were measured
and recorded on section planes orientated perpen-
dicular to lineation. Many of the fabric girdles con-
tained two point maxima symmetrically inclined at
35–408 to foliation, imparting an orthorhombic
fabric symmetry relative to sample foliation and
lineation. With the benefit of results from exper-
imental and numerical modelling of quartz fabric
development that only became available in the
mid to late 1970s, these fabrics would now be inter-
preted as indicating a dominance of rhomb slip
under bulk approximately coaxial plane strain con-
ditions, the ESE-plunging mineral lineation coin-
ciding with the principal extension direction (X)
of the strain ellipsoid. Several samples within the
Moines from the Coulin Forest and Loch Carron
areas were characterized by a girdle distribution
that, instead of consisting of a planar (great circle)
distribution of c-axes orientated at right angles to
lineation (the most common type earlier described
by Phillips), were defined by a conical (small
circle) distribution of c-axes centred about the linea-
tion (Johnson 1957, plate 22, sample 6 and possibly
10; Johnson 1960, fig. 14, sample 12). With the
benefit of later experimental and numerical fabric
simulation results, these small circle fabrics would
now be interpreted as indicating bulk coaxial con-
striction with principal extension parallel to the
ESE plunging lineation (Fig. 10a, e).

Johnson (1955, p. 323) originally interpreted the
orthorhombic quartz c-axis fabric symmetry as indi-
cating a vertical flattening with concomitant ESE–
WSW elongation. Johnson speculated that the
orthorhombic fabric might have resulted from rhom-
bohedral gliding in quartz crystals – an interpret-
ation entirely compatible with later experimental
and numerical fabric modelling results (see above).
The kinematics were interpreted as ‘einengung’
(Sander 1948), that is an all round squeezing of the
rocks with extension at right angles to the squeezing;
a concept that Flinn (1962) would later link to for-
mation of prolate strain ellipsoids. This interpret-
ation was also followed in Johnson’s 1957 paper
on the Coulin Forest area (Johnson 1957, p. 256).
It is perhaps sobering to recall, however, that this
constrictional flow process was first suggested for
rocks in the NW Highlands by Clough (in Peach
et al. 1912, p. 49; 1913b, p. 20) based on 3D grain
shape fabrics. As indicated above, the great circle
quartz c-axis fabrics recorded by Johnson (1957,
1960) would now be interpreted as indicating
plastic flow under approximate plane strain con-
ditions. However, the less common small circle
girdle fabrics would now be interpreted as indicating
constrictional flow – supporting Johnson’s kin-
ematic interpretation.

Also of importance for later controversy over
relationships between folding and quartz fabric

development (see below), Johnson in his 1957
paper argued that because the mineral lineations
(labelled b1) occupying the pole positions to his
c-axis fabric girdles were parallel to the
ESE-plunging fold axes, this indicated that the
quartz fabric developed during the same general
phase of movement as the folds (Johnson 1957,
p. 262). In this paper, Johnson suggested that both
folds and lineations formed parallel to the direction
of transport, but were not directly related to this
transport (Johnson 1957, p. 263), the orthorhombic
quartz fabrics reflecting ‘the last penetrative move-
ment in the rocks’ (p. 269). In his 1960 paper
Johnson would add to this chronology by suggesting
that the Moine Thrust itself, as mapped in
the area, might be a relatively late brittle structure
postdating penetrative plastic deformation and meta-
morphism in both the hanging wall and footwall
rocks. Motion on this late structure would be
expected to lead to local fracturing of the penetra-
tively deformed rocks (including the mylonites)
and might explain the late brittle kink-line folding
of penetrative foliation in the Coulin Forest and
Loch Carron areas (Johnson 1960, pp. 167–168).
Whether the mylonites might represent an early
‘ductile’ precursor to a late ‘brittle’ Moine Thrust
was not explicitly addressed at this time, although
this is consistent with the structural history sugge-
sted by Barber (1965, p. 232; 1968) for the Lochalsh
area immediately to the south of Loch Carron; see
also review by A. J. Barber in Mendum et al.
(2009, p. 319–335) and historical perspective
given by Ramsay (1963, p. 169).

John Christie: quartz fabrics in the northern

part of the Moine Thrust zone

John Christie began his PhD thesis fieldwork on the
Assynt region (Figs 1 & 2) of the Moine Thrust
zone, located 80 km to the NNE of Loch Carron,
in 1953. Within the Assynt region, Christie concen-
trated on the microstructures and crystal fabrics of
quartz-bearing rocks in the Moine Thrust zone and
overlying Moine Schists, and of deformed dolomite
rocks exposed below the Moine Thrust at Loch
Ailsh in the southern part of the region. Quartz
microstructural and petrofabric analyses were par-
ticularly concentrated on:

(a) gently eastward-dipping intensely deformed
(mylonitic) Cambrian quartzites located in the
immediate footwall to the Moine Thrust
between the Stack of Glencoul in the north
and the Allt nan Sleach stream section in the
south;

(b) overlying similarly orientated mylonites
(mainly Moines but potentially with some
Lewisian locally present near the base); and
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experimental data and Taylor-Bishop-Hill numerical modelling of fabric development (e.g. Lister & Hobbs 1980; Jessell & Lister 1990). (a) Relationships between 3D strain
type (coaxial strain paths) and quartz c-axis and a-axis fabrics; adapted from Schmid & Casey (1986); c-axis fabrics represented by fabric skeletons. (b–h) block diagrams
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flattening. (c & d) Type 1 and Type 2 cross-girdle fabrics; plane strain coaxial (pure shear) deformation. (e) Small circle girdle fabric centred about X; coaxial constrictional flow.
(f) Asymmetric Type 1 (Lister 1977) cross girdle fabric. (g) Asymmetric single girdle fabric. Note: in (f) and (g) the XY plane is oblique to central segment of leading edge of the
fabric skeleton and hence also oblique to inferred shear plane (cf. Lister & Hobbs 1980, figs 12–14), assuming simple shear deformation; top-to-WNW (sinistral) shear sense
indicated by obliquity between XY plane and c-axis fabric skeleton. (h) Single girdle fabric orthogonal to lineation at high shear strain where foliation (XY plane) has rotated to lie at
a low angle to shear plane. Progression from (f-g-h) may occur during progressive simple shear (Schmid & Casey 1986). Note: relatively subtle differences between fabrics
viewed on projection planes (YZ) orientated perpendicular to lineation, compared with more obvious differences between fabrics when viewed on projection planes (XZ) orientated
parallel to lineation and perpendicular to foliation.
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(c) Moine Schists lying above, and cropping out to
the east of these mylonites.

Following Clough (in Peach et al. 1907, p. 503) the
Moine Thrust (sensu stricto) was placed along the
junction between the mylonitic Cambrian rocks
and overlying, similarly deformed, mylonitic
Moines. The junction between the mylonites and
overlying Moine Schists appeared to be gradational
(Christie 1963, p. 362). All three units are strongly
foliated, although the foliation is more platy in the
mylonitic Cambrian quartzites and Moine rocks. A
penetrative gently ESE-plunging mineral lineation
lying within the foliation is present in all three units.

Four main publications were the immediate
result of this thesis work: a preliminary report pub-
lished in 1958 on dynamic analysis of deformation
twinning in one of the dolomite samples from
Loch Ailsh (Christie 1958); a paper on deformation
lamellae in quartzite samples from Assynt and
California (Christie & Raleigh 1959); a short discus-
sion paper published in 1960 on the deformation
mechanisms recognized in the different mylonites
(Christie 1960); and finally in 1963 an internat-
ionally renowned monograph, illustrated with
photomicrographs and fold-out maps and fabric dia-
grams, that brought together in a single publication
all the field and laboratory aspects of his work in the
Assynt region (Christie 1963). A preliminary note,
co-authored with Donald McIntyre and Lionel
Weiss (Christie et al. 1954), was also published as
an appendix to McIntyre’s historical review paper
on the Moine Thrust (McIntyre 1954).

At a very early stage in his work Christie recog-
nized that there was a structural continuity between
the Moine Schists and underlying mylonites (as
mapped by the Geological Survey) lying above the
Moine Thrust, and the penetratively deformed
Lewisian, Torridonian and Cambrian rocks below
the thrust (Christie et al. 1954). These Cambrian
rocks included the famous exposures of intensely
deformed Pipe Rock at the Stack of Glencoul
described by Callaway (1883, 1884). In these
exposures Callaway had described both the flatten-
ing of detrital grains and distortion/lengthening of
‘worm burrows’ which he interpreted as being
caused by ‘a force pushing from the east’ (Callaway
1884, p. 221). Christie et al. (1954, p. 220) noted
that ‘. . . many of the “quartz mylonites” (including
certain deformed Cambrian rocks) associated with
the Moine Thrust are not true mylonites sensu
stricto . . . but have undergone partial, sometimes
considerable re-crystallization’. Historically this is
important for two reasons:

1. This was probably the first time that it had been
explicitly stated that recrystallization had
occurred in such high-strain rocks adjacent to
the thrust planes. However, although not

stated in the modern terms used by Christie,
this does not necessarily mean that some of
the earliest geologists were not well aware of
the likely significance of the micro-structures
they imaged in these rocks. For example,
Bonney (1883), Callaway (1884) and Lapworth
(1885a) had all previously drawn attention to
the minute quartz grains imaged in thin sec-
tions from Ben Arnaboll that they regarded as
being of a ‘secondary nature’. Similarly Teall
(1918, p. 3), in discussing samples collected
with Lapworth at Ben Arnaboll, had noted
that ‘. . . quartz yields more readily to the
deforming stresses than feldspar, and some-
what differently. It becomes plastic, as it
were, losing at the same time its distinctive
optical characters and taking on a crypto-
crystalline structure’. Clearly, Teall did not
regard the ‘crypto-crystalline’ or fine-grained
microstructure within the larger elongate
quartz grains as being due to fracture processes.
In contrast, H. H. Read, would refer to such
minute quartz grains as ‘granules’ which he
appears to have associated with cataclasis
(brittle fracture) rather than crystallization or
recrystallization, the progressive transition
from Moine Schist in to mylonite during ‘dislo-
cation metamorphism’ involving ‘granulation’
(Read 1931, pp. 46–49). As mentioned above,
this view of retrograde dislocation metamorph-
ism at the base of the Moine Nappe was not
shared by MacGregor (1952) who, based on
changes in quartz recrystallization textures
and the presence of unaltered garnet, regarded
at least the early stages of shearing along the
Moine Thrust as occurring at temperatures
not lower than those of the garnet zone.

2. Christie et al. (1954) and Christie (1960, 1963)
regarded the Assynt rocks as not being ‘true’
mylonites because the quartz grains had under-
gone some recrystallization. Similarly, Peter
Wilkinson (in discussion of McIntyre 1954,
p. 222) had argued that it was unfortunate that
some highly deformed and extensively recrys-
tallized rocks to the east of Loch Eriboll had
been mapped as mylonites, because ‘this was
often thought to imply that cataclastic struc-
tures predominate and hence that thrusting
took place in cold rocks’. However, this
hardly seems to be compatible with the descrip-
tion of the Lapworth mylonite by Teall (1918)
and is probably a reflection of the prevailing
view in the 1930s–late 1960s of the importance
of cataclastic (brittle fracture) processes in
grain size reduction and mylonite generation.
By the mid-1960s Christie was clearly chan-
ging his mind on the roles of syntectonic
recrystallization and brittle fracture in
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producing grain size reduction in mylonites
(see footnote in Christie 1963, p. 405). For
example, his early experimental work on
plastic deformation of quartzites at the Univer-
sity of California at Los Angeles, in collabor-
ation with Neville Carter and David Griggs,
produced undoubted recrystallization micro-
structures that were identical to those he had
previously found in mylonitic Cambrian quart-
zites beneath the Moine Thrust in Assynt
(Carter et al. 1964, p. 722 and plate 9). It
would not be until the mid-1960s–early
1970s that accumulating microstructural evi-
dence from studies of experimentally deformed
quartzites (Carter et al. 1964; Christie et al.
1964; Green et al. 1970; Tullis et al. 1973; on
all of which Christie was either a lead- or
co-author) and naturally deformed quartzites
(Bell & Etheridge 1973; White 1973) would
eventually demonstrate that syn-tectonic
(dynamic) recrystallization during high temp-
erature ductile deformation, rather than cata-
clasis or ‘granulation’, is responsible for grain
size reduction in many natural mylonites (see
reviews by White 1977, 1982, 2010; Snoke &
Tullis 1998). Nonetheless, by the mid-late
1960s Christie, in collaboration with experi-
mentalists at UCLA, was making a series of
pioneering contributions to the analysis of plas-
tically deformed and recrystallized silicate
minerals, particularly within the emerging
field of transmission electron microscopy (see
review by Kirby et al. 1993).

Christie (1960) argued that the Assynt mylo-
nites, in which recrystallization and/or neominerali-
zation occurred, graded upwards in to the regionally
metamorphosed Moine schists. He labelled these
mylonites as ‘primary mylonites’ and distinguished
them from ‘secondary mylonites’ that were clearly
cataclastic and might be derived from either
primary mylonites or Moine schists. Christie
(1960, p. 91) perceptively suggested that these
primary mylonites might form at: a) higher temp-
eratures; b) higher confining pressures (i.e. greater
depths – as originally suggested by Peach et al.
1913a, p. 29); or c) slower strain rates than the
secondary mylonites – as originally suggested by
Peach et al. (1913a, p. 28).

Using standard universal stage techniques,
Christie measured quartz c-axis fabrics in mylonitic
Cambrian quartzites beneath the Moine Thrust and
both mylonites (derived from Moines) and Moine
schists above the thrust plane. As noted above,
Christie demonstrated that both foliation and the
pervasive ESE-plunging mineral lineation were par-
allel in all three units, suggesting contemporaneity
of penetrative deformation that had to be of

post-Cambrian age. Fabric measurements were
mainly carried out on sections cut perpendicular to
this lineation and the data presented on projection
planes orientated perpendicular to both foliation
and lineation (Christie 1956a, 1963, pp. 399–402,
fig. 23). Fabrics from the quartzites typically con-
sisted of a SW–NE striking cross-girdle pattern of
c-axes, in which the two girdles were equally
inclined to the foliation and intersected along an
axis lying with the foliation at right angles to linea-
tion (cf. Fig. 9). A very similar fabric pattern was
detected in the overlying mylonites and Moine
schists, giving additional support to the suggestion
that penetrative deformation occurred at the same
time in all three units, although the fabric patterns
were weaker in the Moine schists. Fabrics from all
three units contained point maxima at the intersec-
tion between the two girdles and foliation, but this
was strongest in samples from the Moine schists.
Subsidiary c-axis point maxima were recorded
along the fabric girdles at moderate and high
angles to the intersection with foliation. With the
benefit of results from experimental and numerical
modelling of quartz fabric development that only
became available in the mid–late 1970s, these
three sets of c-axis point maxima would, respect-
ively, now be interpreted as indicating the role of
prism, rhomb and basal slip.

Christie demonstrated that the angle between the
two fabric girdles in a given sample was greater in the
Moine schists than in the underlying mylonitized
Moines or Cambrian quartzites (Christie 1963,
p. 403). Ten to 15 years in advance of experimental
and numerical modelling results that would not
become available until the mid–late 1970s, and in
contrast to the earlier interpretation by Phillips
(1945) that such cross girdle fabrics indicated two
periods of deformation, Christie (1963, p. 405)
suggested that the two girdles in his samples devel-
oped during a single period of deformation. Histori-
cally, this view of the two girdles developing
during a single deformation event marked a return
to the original interpretation of Sander (1930,
1934), an interpretation that was later followed for
example by Turner (1948), Fairbairn (1949) and
Pitcher & Read (1960), see also review by Sylvester
& Christie (1968). Based on results from experimen-
tal and numerical modelling that only became avail-
able in the mid–late 1970s, the symmetrical
cross-girdle fabrics measured by Christie (1963)
would now be interpreted as developing during a
single phase of deformation under bulk approxi-
mately coaxial plane strain conditions, the ESE
plunging mineral lineation coinciding with the prin-
cipal extension direction (X) of the strain ellipsoid.

With reference to the Moine Petrofabric Contro-
versy, however, the important point here is that
these NE–SW orientated girdles were orientated
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at a high angle to the pervasive ESE mineral linea-
tion (Figs 5a & 9). Given the proximity of the
measured samples to the Moine Thrust plane, this
would seem to support the ‘revised’ kinematic
interpretation of relationships between c-axis
fabric orientation and lineation discussed in pre-
vious sections of this review, with mylonitization
(and associated formation of crystal fabrics and
mineral lineation) forming during WNW directed
over-thrusting (Fig. 9b). However, Christie regarded
formation of the mylonites as being more complex.

Noting that the mylonitic foliation (particularly
in the mylonites above the Moine Thrust plane)
was folded about hinges that dominantly plunged
to the ESE parallel to the pervasive mineral linea-
tion (Fig. 5a), Christie (1963) argued that formation
of the mylonites must have been associated with
motion perpendicular to these fold hinges (cf.
Fig. 6b). As in the mylonites described by Johnson
(1957, 1960) from the Coulin Forest and Loch
Carron areas to the south, the hinge planes of
these small scale folds generally dipped to the east
sub-parallel to the gently inclined foliation. In
profile plane these folds displayed a monoclinic
symmetry and were generally (80% of cases
measured) overturned towards the SSW (Christie
1963, pp. 364, 372). Christie interpreted these meso-
scopic data as indicating an early phase of move-
ment towards the SSW on the Moine Thrust that
was contemporaneous with regional metamorphism
in the Moine Nappe and parallel to the strike, rather
than the dip, of the thrust plane. In some ways this is,
of course, a return to the earlier model of NE–SW
tectonic transport proposed by Phillips (1937) that
was based on the ‘orthodox’ kinematic interpret-
ation of NE–SW orientated c-axis fabric girdles in
the Moine Schists (cf. Figs 8a, b & 9), although
this movement would now have to be post-
Cambrian in age.

In contrast to the monoclinic symmetry of the
folds, Christie (1963) noted that the symmetry of
his measured c-axis fabrics in the Moine schists
and underlying mylonitic Moines and Cambrian
quartzites was essentially orthorhombic. Christie
(1963) interpreted these orthorhombic fabrics as
indicating a later phase of deformation in which
the Moine schists and mylonitic rocks were flattened
in a direction normal to the gently dipping Moine
Thrust and elongated in a WNW direction parallel
to the fold axes and penetrative mineral lineation.
As supporting evidence for this, Christie (1963,
p. 401, fig. 23) cited a case in which adjacent
limbs of an isoclinally folded ‘primary’ mylonite
(his sample 52) collected above the Moine Thrust
to the NE of Loch Ailsh (in which the hinge appar-
ently trends north–south, rather than WNW–ESE,
according to his sketch diagram and text descrip-
tion – p. 404) had very similar c-axis fabrics.

A second sample (X21) collected c. 1 km SE of the
Stack of Glencoul in footwall mylonitic quartzites
was reported as having the same features. Christie
argued that during the final stages of mylonitization,
when the orthorhombic quartz fabric developed,
the foliation and folds were deforming passively
(Christie 1963, p. 407). This suggested tectonic
model, which essentially invokes gravity loading,
could be supported by his analysis of deformation
lamellae in the Loch Ailsh dolomite samples which
indicated a compression axis plunging steeply to
the WNW, essentially perpendicular to the Moine
Thrust plane (Christie 1958, 1963, pp. 396–397).

Later X-ray texture goniometry-based quartz
fabric analysis of Christie’s samples of ‘primary’
mylonite (Baker & Wenk 1972) and mylonitic
Cambrian quartzite (Riekels 1973; Baker & Riekels
1977; Riekels & Baker 1977) would, through
Orientation Distribution Function analysis, confirm
the essential skeletal outline of the c-axis fabrics
that Christie measured by optical microscopy.
However, X-ray goniometry on Christie’s mylonitic
quartzite sample 62 from the Stack of Glencoul
produced asymmetric crystal fabrics which con-
trasted with the symmetric (orthorhombic) fabrics
measured by Christie (1963) on large detrital
grains. Riekels & Baker (1977) attributed this dis-
crepancy to the difficulty of measuring very small
recrystallized grains (which could form the asym-
metric element of a bulk fabric) with the optical
microscope.

1960s: new debates on fabric symmetry

and deformation mechanisms on the

Moine Thrust

Publication of the memoir by Christie (1963) led
directly to debate between Mike Johnson and John
Christie on interpretation of structures and fabrics
developed along the Moine Thrust (Johnson 1965;
Christie 1965). There were essentially three
elements to this debate: 1) the use of ESE plunging
fold hinges to infer movement direction within the
mylonites at Assynt; 2) interpretation of the orthor-
hombic quartz c-axis fabrics recorded in mylonites
from both the southern part of the Moine Thrust
zone (Johnson 1955, 1957, 1960) and the northern
part of the zone (Christie 1956a, 1963); 3) the
nature of the Moine Thrust itself.

Fold hinges and movement directions

Johnson (1965, p. 673) asked how confident Christie
could be that he had identified the transport direction
using only the trend of the ESE trending fold axes in
the Assynt mylonites. As Christie (1963, p. 360,
370) had pointed out, in addition to the dominant
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ESE plunging subset of fold hinges in the mylonites,
another subset of hinges trended NS, while hinges of
intermediate orientation were also present, the com-
plete set of measured fold hinges defining a great
circle distribution orientated parallel to the gently
eastward dipping foliation. Johnson cited recently
published papers in which it had been demonstrated
that fold hinges could lie at any angle to the direc-
tion of maximum compressive stress (Flinn 1962;
Ramsay 1963; Turner & Weiss 1963). Johnson
argued that this was especially applicable to the
Moine Thrust zone mylonites where fold hinges,
defined by the intersection between pre-existing
foliation and overprinting hinge planes, can have
various orientations due to irregularities in the
orientation of this foliation that pre-date the over-
printing folds (cf. Ramsay 1963, pp. 154–155).
Christie (1965) did not accept these arguments,
countering that the constant sense of overturning
towards the SSW of these ENE plunging folds
(strictly 80% of measured cases according to
Christie 1963, pp. 364, 372) supported his suggestion
of an early phase of SSW directed strike slip motion
on the Moine Thrust and its associated mylonites.
This was a position that he would staunchly defend
in the following decades (Christie pers. comm. to
R. D. Law 1988).

However, by the late 1960s to early 1970s a con-
sensus was building on the overall similarity of style
and orientation of minor folds and their relationship
to penetrative mineral lineation development in
mid-crustal thrust zones exposed in other orogens
(e.g. Bryant & Reed 1969; Sanderson 1973;
Escher & Watterson 1974; Carerras et al. 1977;
Bell 1978). These field data suggested that, as
shear strain increased during thrusting, penetrative
mineral stretching lineation develops parallel to
the transport direction and fold hinges, which
initially form at a high angle to transport, are pro-
gressively rotated within the foliation towards this
transport parallel lineation. This in turn would lead
to the concept of non-cylindrical folds, and ulti-
mately sheath folds, developing during progressive
layer-parallel shearing (e.g. Carerras et al. 1977;
Rhodes & Gayer 1977; Quinquis et al. 1978;
Williams 1978; Cobbold & Quinquis 1980). In ret-
rospect, Sander’s concept of a tectonic cross of
kinematic axes, which had strongly influenced the
earlier work by Phillips (1937) in the Moines, was
already declining in influence during the 1950s
and earliest 1960s when Johnson (1955, 1957,
1960) and Christie (1956a, 1963) were working on
the Moine Thrust zone mylonites; see also, for
example, discussions by Sutton & Watson (1954,
p. 53); Ramsay (1960); Wilson (1961, pp. 530–
534); Turner & Weiss (1963, pp. 395–400);
Ramsay (1967, pp. 333–335) and Hobbs et al.
(1976, pp. 193–195, 280–288). It would not

survive in to the 1980s when the next generation
of microstructural and crystal fabric work began
on these mylonites.

Tectonic interpretation of orthorhombic

quartz fabrics

Both Johnson (1955, 1957, 1960) and Christie
(1956a, 1963) had recorded orthorhombic quartz
c-axis fabrics in the mylonitic rocks above and
below the Moine Thrust plane. Johnson (1955,
p. 323) originally interpreted the orthorhombic
fabric symmetry as indicating a vertical flattening
with concomitant ESE–WSW elongation. He later
argued that because the mineral lineations occupy-
ing a pole position to his c-axis fabric girdles were
parallel to the ESE plunging fold axes (cf. Figs 8a,
c & 9), this indicated that the quartz fabric devel-
oped during the same general phase of movement
as the folds (Johnson 1957, p. 262). In this paper,
Johnson suggested that both folds and lineations
formed parallel to the direction of transport
(Johnson 1957, p. 269). In contrast, Christie
(1963) argued that the orthorhombic fabrics post-
dated formation of the ESE plunging folds in the
Assynt mylonites and therefore also post-dated the
main slip on the mylonite zone. Although not
specifically stated by Christie, the implication here
is that the orthorhombic fabrics had overprinted
earlier asymmetric fabrics produced during the
main phase of slip. This process of fabric overprint-
ing would later be numerically modelled by Lister &
Williams (1979, pp. 292–293) with specific refer-
ence to the Moine Thrust mylonites.

Clearly formation of orthorhombic fabrics
within a thrust regime was a problem. Johnson
(1955, p. 333) citing the analogy made by Balk
(1952) between the fabrics in mylonites and the
rolling process in metal working, pointed out that
metal working involves both attenuation and exten-
sion parallel to the direction of rolling. In other
words there is synchronous pure shear and simple
shear (general shear). Johnson argued that this
process may have operated in the Moine Thrust
zone, the orthorhombic fabric forming during thrust-
ing but at a late stage in the mylonite formation
(Johnson, 1955, p. 333). In Assynt, Christie (1956a,
1963) also posed the problem of the pure shear indi-
cated by the orthorhombic fabrics but, in contrast to
Johnson, concluded that the fabrics post dated the
main slip on the mylonite zones. He suggested that
the pure shear may have reflected loading by the
Moine Thrust sheet leading to ‘flattening’ normal
to foliation and elongation parallel to the ESE linea-
tion, accompanied by some slight shear movement
parallel to this lineation (Christie 1963, p. 413).
Christie (1965, p. 680) would later add that this com-
bined shortening perpendicular to the gently dipping
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foliation and elongation parallel to the ESE plunging
lineation might result in lineation-parallel shear
displacement between the mylonites and the rigid
foreland to the west. This could be interpreted as
indicating that Christie was thinking of what would
now be referred to as ‘extrusion tectonics’, but he
clearly did not believe that such displacement
would have been of significant magnitude.

In contrast, Johnson (1967) pointed out that the
Skolithos pipes in the mylonitic Cambrian quartzites
at the Stack of Glencoul (first described by Callaway
1883) have been sheared over to the WNW by almost
908 to become sub-parallel to foliation and lithologi-
cal banding, indicating significant lineation parallel
stretching. Johnson agreed that the gently dipping
foliation was a principal plane of flattening, but
argued that vertical flattening and WNW-directed
shearing could have occurred simultaneously
during a general (combined simple and pure shear)
deformation. Clearly anticipating what would later
become known as extrusion tectonics, Johnson
(1967, p. 247) pointed out that this general shear in
the flattened mylonites would, in the absence of
volume loss, lead to displacement of material relative
to surrounding undeformed rocks.

Nature of the Moine Thrust

The third controversy between Johnson (1965) and
Christie (1965) concerned the nature of the Moine
Thrust itself. Much of this controversy is based on
semantics of what the name ‘Moine Thrust’ means
to different workers. Traditionally the Moine
Thrust is placed at the base of the Moines. From
Glencoul northwards to the coast near Loch
Eriboll (Fig. 1) the Moine Thrust is shown on the
original Geological Survey maps as occurring at
the base of the mylonite belt underlying the
Moines. From Ullapool southwards to Loch
Carron, however, the Moine Thrust is shown on
the original Survey maps as occurring at the top of
the mylonites (where present) with an unnamed
thrust occurring at the base of the mylonites,
which on Sheets 81 and 82 (Fig. 2) are described
as ‘mylonized rocks in advance of the Moine
Thrust’ (see discussion by MacGregor 1952). The
mylonites in the southern sector are largely
derived from Lewisian gneiss unlike many of the
Cambrian quartzite-derived mylonites in the north.

In the southern part of the thrust zone, the Moine
Thrust itself, as originally mapped by the Geological
Survey at the base of the Moine metasedimentary
rocks, is a brittle/cataclastic feature demonstrated
by the original Survey workers to post-date earlier
movement associated with mylonite generation.
They perceptively also considered the possibility,
however, that brittle faulting may have been
broadly contemporaneous with ductile flow

responsible for mylonite generation, but occurred
during discrete periods of higher deformation rate
(Peach et al. 1913b, pp. 27–29). This view of pro-
longed and continuous movement was largely fol-
lowed by Johnson, although he regarded the Moine
Thrust itself in the Coulin Forest area as developing
during a relatively late stage of clean-cut thrusting
(Johnson 1957, p. 263). However, based on his
work in the Loch Carron area, Johnson later
amended this interpretation by suggesting that the
clean-cut Moine Thrust plane in the region was unre-
lated to earlier movement associated with mylonite
formation (Johnson 1960, pp. 165–167; 1961), a
view shared by Barber (1965, 1968) for the Loch
Alsh area immediately to the south of Loch Carron
(Figs 1 & 2). Johnson argued that the main translatory
movement of the Moines (over the foreland rocks)
occurred late in the thrust belt history, along clean-
cut thrusts, rather than along earlier mylonite zones
(Johnson in discussion of Barber 1965, pp. 237).

In contrast, in the Assynt region, Christie (1956a,
1963, pp. 363, 367), following Clough (in Peach
et al. 1907, p. 503), placed the Moine Thrust at the
Stack of Glencoul along the foliation-parallel
ductile contact between mylonitic Cambrian quart-
zite and similarly deformed overlying Moine meta-
sediments (see Law et al. 1986, 2010; Law 1998a,
b). Johnson (1965, p. 674) countered that at the
famous exposure at Knockan Crag in the southern
part of the Assynt region the Moine Thrust is
clearly a brittle feature. In reply, Christie (1965,
p. 678) while accepting that the Moine Thrust
varies in character along strike, argued that as
shown on the original Geological Survey maps the
thrust everywhere coincides with the zone of
primary mylonitic rocks which only locally display
evidence for secondary cataclasis and brecciation.
Later remapping in the mid-1980s by Mike Coward
and Rob Butler would demonstrate that the brittle
‘Moine Thrust’ at Knockan Crag is a late flat lying
structure that places the Moines over a series of
imbricated Cambro-Ordovician rocks. This flat
lying fault cross cuts the footwall imbricates, as orig-
inally indicated by Peach et al. (1888, fig. 20), and is
demonstrably younger than the ductile ‘Moine
Thrust’ recognized by Christie to the north (Butler
& Coward 1984; Coward 1985; see also reviews by
Butler in Mendum et al. 2009, pp. 292–296 and
Butler 2010b). Clearly Christie and Johnson were
describing different structures in the Assynt area.
Recent re-mapping of the area by the Geological
Survey has demonstrated that a major WNW trend-
ing lateral ramp structure – the Oykel Transverse
Zone – may separate the ductile Moine Thrust to
the north from the late brittle Moine Thrust to the
south in the Assynt region (Leslie et al. 2010).

Whether lateral transitions from a ductile to
brittle ‘Moine Thrust’ represent: 1) early deeper
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crustal movement versus later shallower level
thrusting; 2) synchronous along strike movement
at deeper to shallower crustal levels; or 3) transient
variations in strain rate at a given crustal depth,
remain open questions; see also discussion by
Butler (2009, pp. 235–239). As perceptively first
recognized by Peach et al. (1913a, p. 28) and reiter-
ated by Christie (1960), brittle deformation super-
imposed on mylonites could indicate a transient,
possibly cyclic, faster strain rate event that devel-
oped at the same crustal level during ongoing mylo-
nitization (see also Knipe 1990). If correct, then
brittle deformation microstructures should be over-
printed by ductile/crystal plastic microstructures
as strain rate drops to background levels. Indeed,
microstructural evidence for such cyclic changes
from ductile to brittle to ductile deformation has
been recorded by R. W. H. Butler (in Mendum
et al. 2009, p. 294) in the Moine mylonites
exposed at Knockan Crag.

It is now generally considered that the mylonite
zones do represent zones of appreciable tectonic
transport, although they may in effect be enclosed
within horses carried on later thrusts. With the poss-
ible exception of the Stack of Glencoul where
Moine derived mylonites rest on mylonitic Cam-
brian quartzite, the location and definition of the
ductile Moine Thrust sensu-stricto is still open to
debate, particularly in the southern part of the
thrust zone. If the thrust is located in terms of
strain then arguably it should be placed below the
mylonites where strain decreases sharply in to the
footwall rocks.

1970s–present: introduction

Studies of deformation processes in the Moine
Thrust zone since the 1970s have tended to concen-
trate on the ductile deformation associated with for-
mation of quartz mylonites now preserved in the
structurally higher thrust sheets and overlying
Moine Nappe. Relatively few studies have been
conducted on the cataclasites and low-strain rocks
in the lower thrust sheets.

Starting in the late 1960s, a number of deforma-
tion mechanism orientated studies have also been
carried out on fault zones that cut the crystalline
basement rocks of the foreland. Although beyond
the scope of our review, notable examples include:

1. the seminal study by Ramsay & Graham (1970)
of the Castell Odair shear zones of North Uist
(see also Starkey & Sutherland 1978 for
quartz fabrics);

2. studies of pseudotachylite and phyllonite
generation on the Outer Isles Fault zone (e.g.
Francis & Sibson 1973; Sibson 1975, 1976,
1977; Maddock 1983; White & Glasser 1987;

Imber et al. 2001; Osinski et al. 2001;
see also reviews in Mendum et al. 2009,
pp. 52–53 and 109–114);

3. analyses of Precambrian age shear zones within
the Lewisian of the mainland (e.g. Davies
1978; Jensen 1984; Lei & Park 1993);

4. fabric studies of sheared quartz veins in the
mainland Lewisian near Torridon (Law et al.
1990; Lloyd et al. 1992).

Historical background: research groups

During the 1970s some of the main advances in
structural and microstructural work on the Moine
Thrust zone were initially made by researchers based
at Imperial College, London University. Much of
this research was fostered by John Ramsay during
his later years at Imperial and resulted directly, or
indirectly, in a number of important contributions
being made in both structural and microstructual/
petrofabric analysis of the thrust zone (e.g. Iain
Allison, Martin Casey, Ken McClay, John Starkey,
Stan White and later by Tom Blenkinsop, Dave
Evans, Helen Moore and Ernie Rutter). Landmark
contributions from Imperial College to our under-
standing of shear zone development and fault rock
evolution were also made by Rod Graham and
Rick Sibson working in the Outer Hebrides during
the late 1960s–mid-1970s.

During the 1970s particularly important strain
analysis contributions on both the Moine Thrust
zone mylonites and overlying high strain rocks of
the Moine Nappe were also made by researchers
based at Edinburgh (Andrew McLeish), Sheffield
University (Jack Soper, Peter Wilkinson &
A. M. Bell), Leeds (Dennis Wood) and BGS
Edinburgh (John Mendum). Additionally, as dis-
cussed in an earlier section of our review, X-ray
texture goniometry of mylonitic quartzites from
the Assynt area, originally analyzed optically by
Christie (1963), was carried out in the early-mid
1970s by D. W. Baker (University of California at
Los Angeles), H.-R. Wenk (UC Berkeley) and
L. M. Riekels (University of Illinois). Further Amer-
ican microstructural contributions on the Assynt
mylonites were made in the late 1970s and early
1980s by Maura Weathers, Dave Kolstedt and col-
leagues (Cornell University) and John Christie and
Alison Ord (UC Los Angeles).

During the late 1970s to 1980s a major new
initiative for remapping of the thrust zone was led
by Mike Coward at Leeds University which, in
addition to field mapping and strain analyses (e.g.
Rob Butler, Henrique Dayan, Mick Fisher, Phillip
Nell, Steve Matthews, Richard Morgan), also
involved microstructural and petrofabric work
(e.g. Sue Bowler, Henrique Dayan, Sue Hippler,
Rob Knipe, Rick Law, Geoff Lloyd, Graham

MICROSTRUCTURES AND CRYSTAL FABRICS OF THE MOINE THRUST ZONE 475



Potts, John Whalley). Although microstructural and
petrofabric analyses by Imperial- and Leeds-based
groups at this time were focused on the Moine
Thrust zone, in the overlying Moine Nappe contri-
butions were also made by Richard Langford (King-
ston University), Simon Kelley, Derek Powell and
R. W. Glendinning (Bedford College, University
of London), Colin Grant (Liverpool) and Bob
Holdsworth (Leeds and Durham).

In comparison to the previous two decades,
remarkably little new microstructural or petrofabric
work was carried out on either the Moine Thrust
zone or overlying Moine Nappe from the late
1980s through to the early 2000s, when a study of
Moine Thrust mylonites in the north of the Assynt
region was reported by Mathew Strine (University
of Rochester). However, since the mid-2000s, new
developments in both techniques for vorticity analy-
sis of plastically deformed rocks, and automated
petrofabric analysis using electron back scattered
diffraction (EBSD) patterns obtained in the scan-
ning electron microscope (SEM), have promoted a
new generation of microstructural and petrofabric
studies based at Leeds (Geoff Lloyd), Liverpool
University (Angela Halfpenny, Dave Prior, John
Wheeler) and Virginia Tech (Law, Ryan Thigpen).
Some of these new studies form contributions to
later sections of this Special Publication.

Paradigm shifts in microstructural and

petrofabric analysis

During the late 1970s–early 1980s rapid advances
were made in both understanding of the
deformation-related processes by which microstruc-
tures and crystal fabrics form and the factors that
control the operation of these deformation mechan-
isms (see early reviews by White 1973, 1976, 1977,
1982) and fabric forming processes (see review by
Hobbs et al. 1976). In turn, these basic advances
in our understanding of deformation processes led
to the routine use of microstructures and crystal
fabrics observed in naturally deformed rocks as
indicators of deformation conditions (e.g. tempera-
ture, kinematic framework etc.). These advances,
which were at least partially based on experimental
and numerical modelling, acted as a critically
important stimulus for a new generation of micro-
structural and crystal fabric work on the Moine
Thrust zone and overlying Moine Nappe that
began in the late 1970s to early 1980s. In addition
to advances in theory, new analytical techniques
were developed. In microstructural analysis,
optical microscopy was supplemented by trans-
mission electron microscopy (TEM), the first TEM
studies of experimentally deformed silicates being
conducted by John Christie at UCLA (see review
by Kirby et al. 1993). For measurement of quartz

crystal fabrics in the mylonite zones, a new gener-
ation of optics-based universal stage work was
integrated with X-ray texture goniometry (1970s–
1990s) and SEM-based EBSD analyses (1990s
onwards) for determining complete crystallographic
information for bulk samples and individual grains,
respectively (see reviews by Schmid & Casey 1986;
Prior et al. 1999). Additionally, the development of
various strain analysis techniques, particularly in
the 1960s–1970s (e.g. Ramsay 1967; Ramsay &
Graham 1970) now allowed the quantification of
finite strains where suitable markers, particularly
within the Cambrian quartzites of the thrust zone
and in conglomeratic horizons of the Moine
Nappe, had been preserved.

Before the 1970s microstructural and crystal
fabric work was primarily conducted using thin
sections cut perpendicular to stretching lineation
and, with few notable exceptions, fabric data were
usually plotted on projection planes orientated
perpendicular to lineation (Fig. 10). However, by
the mid–late 1970s it was realized that critically
important microstructural and crystal fabric based
shear sense information for plastically deformed
rocks was most readily accessible in sections cut
parallel to mineral lineation/inferred transport
direction and perpendicular to foliation. Starting
in the late 1970s to early 1980s, analysis of sections
cut parallel to lineation led directly to rapid
advances in the use of microstructures as shear
sense indicators in high strain rocks (see early
reviews by Simpson & Schmid 1983; Bouchez
et al. 1983; Hanmer & Passchier 1991). Since this
time, microstructural and crystal fabric studies
have focused on data collected in these lineation
parallel sections, although sections cut in other
orientations are also used (e.g. strain analyses)
where 3D data is called for.

Coupled with these advances in shear sense cri-
teria was a paradigm shift, starting in the early–
mid 1970s, in our understanding of the factors that
control development of quartz crystal fabrics and
associated recrystallization regimes. This new
understanding of quartz fabric development was pri-
marily driven by experimental deformation studies
(e.g. Tullis et al. 1973; Tullis 1977; Bouchez &
Duval 1982) and numerical modelling of fabric
development. Particularly influential developments
in numerical modelling during the 1970s and
1980s included: 1) ‘full constraints’ Taylor-
Bishop-Hill modelling of quartz c- and a-axis
fabric formation associated with glide on multiple
dislocation slip systems (e.g. Lister 1974; Lister
et al. 1978; Lister & Williams 1979; Lister &
Hobbs 1980); 2) ‘relaxed constraints’ modelling of
quartz c-axis fabric development associated with
motion on single slip systems (e.g. Etchecopar &
Vasseur 1987); and 3) models that incorporated
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dynamic recrystallization in the fabric forming
process (e.g. Jessell & Lister 1990).

These experimental and numerical modelling
studies provided critically important new insights
on how factors such as imposed 3D strain state
(flattening, plane strain, constriction), strain path
(coaxial versus non-coaxial deformation), strain
magnitude, deformation temperature, strain rate,
shear sense and fabric overprinting could influence
fabric development. Given this new experimental
and numerical modelling base, coupled with petro-
fabric analysis of naturally deformed rocks where
3D strain state could be independently measured,
quartz fabrics (Fig. 10) could now be used to infer
deformation conditions such as 3D strain state (at
least for steady state coaxial deformation histories)
and shear sense in naturally deformed rocks (see
early reviews by Price 1985; Schmid & Casey
1986; Law 1990). More recently, and particularly
between the late 1980s and mid-1990s, a range of
microstructural and crystal fabric based techniques
have been developed for quantitative assessment of
flow vorticities in high strain rocks, albeit assuming
steady state flow (e.g. Passchier 1987; Wallis 1992,
1995; Simpson & De Paor 1993; Wallis et al. 1993).

Caveats to the new generation of

microstructural and petrofabric analyses

Microstructural analyses can, under favourable cir-
cumstances, provide important information on tem-
poral changes in deformation conditions. A good
example here is the use of microstructures by
Knipe (1990) in identifying cyclical changes in
strain rate from dominant deformation mechanisms
in different thrust sheets in the Assynt region.
However, as indicated above, the assumption of
steady state flow is a critically important caveat in
a wide range of microstructural- and petrofabric-
based analyses including interpretation of crystal
fabric patterns (e.g. in terms of 3D strain type,
shear sense) and assessment of flow vorticity.

In general, microstructures and crystal fabrics
develop in response to a complex inter-play of
different extrinsic and intrinsic factors. Interpret-
ation of these microstructures and fabric attributes
in terms of a single factor (e.g. deformation temp-
erature, strain rate, strain path) is therefore proble-
matic. A good example here is the opening angle
in quartz c-axis fabrics (Fig. 10b–f) that, from
experimental and numerical modelling studies
(e.g. Tullis et al. 1973; Lister & Patterson 1979;
Lister & Dornsiepen 1982), is known to increase
with increasing deformation temperature and hydro-
lytic weakening and decreasing strain rate.
Taylor-Bishop-Hill modelling also indicates that
opening angle decreases from flattening to plane
strain to constrictional strains for a given set of

slip systems (Lister & Hobbs 1980, figs 8 & 9).
Use of the quartz c-axis fabric opening angle as a
deformation thermometer (e.g. Kruhl 1998; Law
et al. 2004; Morgan & Law 2004) assumes that
deformation temperature is the prime control on
fabric opening angle. Similarly, quartz recrystalliza-
tion mechanisms such as grain boundary bulging,
subgrain rotation and grain boundary migration,
have also been demonstrated experimentally to be
controlled by deformation temperature, hydrolytic
weakening and strain rate (recrystallization
regimes 1–3 respectively of Hirth & Tullis 1992).
Microstructures indicative of these recrystallization
mechanisms have been proposed as potential defor-
mation thermometers (e.g. Stipp et al. 2002). Once
again, however, use of these microstructures as
deformation thermometers assumes that defor-
mation temperature is the prime controlling factor
and that deformation has occurred at ‘average
geological strain rates’.

1970s–present: microstructures,

deformation mechanisms and crystal

fabrics in the lower thrust sheets and

adjacent foreland

Below we organize our summary of relatively recent
microstructural work on thrust sheets at the leading
edge of the Moine Thrust zone, together with
immediately underlying foreland rocks, in terms of
ascending structural position and traced from
south to north. We attempt to integrate this summary
of microstructural work with allied strain, palaeos-
tress and petrofabric analyses. Studies on the over-
lying mylonites and Moine Nappe are reviewed in
the later sections of our review and traced from
north to south, and then eastwards.

Brittle deformation at the foreland edge

of the thrust belt

Deformation studies at the foreland edge of the
thrust belt have almost exclusively concentrated
on brittle fracture processes, particularly within
the Cambrian quartzites. At the southern end of
the thrust zone on Skye (Fig. 1), Blenkinsop
(1982) and Blenkinsop & Rutter (1986) have docu-
mented the progression from protocatalasites to
ultracataclasites associated with thrusting and
folding of quartzites using cathode luminescence
images obtained by scanning electron microscopy
(SEM-CL). Further to the north, Lloyd & Knipe
(1992) and Knipe & Lloyd (1994) have studied the
interaction between fracture, pressure solution and
low temperature crystal plasticity in very low
strain quartzites located immediately beneath the
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Sole thrust at Skiag Bridge in the Assynt region
(Fig. 1). These studies, which involved integration
of optical microscopy with TEM and SEM-CL ana-
lyses, led to development of conceptual models for
how the three groups of deformation mechanisms
may vary in importance during strain rate fluctu-
ations associated with progressive fault zone evol-
ution. Knipe (1990) has noted that the very weak
shape fabric defined by incipient plastic defor-
mation of detrital grains in the quartzites at Skiag
Bridge does not correspond to the higher strains
indicated by sheared Skolithos pipes in these quart-
zites, and has suggested that grain boundary sliding,
possibly accompanied by diffusive mass transfer,
must have operated to allow accumulation of the
required strain.

At the northern end of the thrust zone an inte-
grated optical and TEM study of brittle fracturing
of foreland quartzites located on Conamheall, to
the SW of Loch Eriboll (Fig. 1), has been described
by Moore (1980). In this study emphasis was placed
on inter-relationships between cataclasis, pressure
solution and low temperature crystal plasticity (see
White 2010 for details). Quantitative data on the
temperatures, and hence depths, of the foreland
rocks during thrusting, however, is currently
poorly constrained. Integrated optical and TEM
studies have also been conducted by Hippler
(1989) and Hippler & Knipe (1990) on cataclasis
associated with west-dipping normal faults that
down-throw Moine Thrust zone mylonites against
foreland rocks at Sango Bay, Durness (Figs 1 &
2). These faults have recently been put in to a
regional context of post Caledonian rifting and
basin formation by Wilson et al. (2010). TEM
analysis indicated an increase in dislocation
density in the cataclastic quartz fragments relative
to the parent quartz mylonites, suggesting that a
component of low temperature crystal plasticity
was associated with normal faulting. This is sup-
ported by the observation in thin section that
brittle micro-faults in these fractured mylonites
pass downwards into ductile (crystal plastic) shear
bands (Law, unpublished data).

Penetrative deformation in the lower

thrust sheets

Microstructures-based analyses of the thrust sheets
lying between the Sole thrust and overlying mylo-
nites associated with the Moine Thrust have
tended to focus on either quantifying strains associ-
ated with the generally weak penetrative defor-
mation, or documenting the transitional
brittle-crystal plastic nature of deformation in
these relatively low temperature tectonites, traced
up structural section towards the higher thrust

sheets. Along strike variation in temperatures
during thrusting may also be important in control-
ling operation of deformation mechanisms. Allison
& Ferguson (1997) have estimated a temperature
increase of c. 100 8C traced northwards from Skye
to Eriboll (Fig. 1) along the leading edge of the
thrust zone, based on illite crystallinity in Lower
Cambrian age Fucoid Beds correlated with colour
index data on acritarchs (Downie 1982) and cono-
donts (quoted in Johnson et al. 1985). At least in a
very general sense, this northward increase in
inferred temperature seems to correlate in the
lower thrust sheets with both an increase in impor-
tance of low temperature crystal plastic deformation
and a subtle change in quartz recrystallization from
low temperature grain boundary bulging (Kishorn
Nappe) to subgrain rotation (Arnaboll thrust sheet
at Loch Eriboll). Although specific temperatures
are not given, Allison & Ferguson (1997) ascribe
this increase in temperature to a northward increase
in thickness of the overlying nappe pile. This
increasing overburden could be due, for example,
to the thrusts gradually cutting down section
towards the north at right angles to the transport
direction, or to duplication from thrusting.

Kishorn nappe. In the Kishorn nappe at the southern
end of the thrust belt (Fig. 1) Coward & Whalley
(1979) have used intensity of magnetic anisotropy
as a proxy for recording strains that they correlated
with changing detrital grain shapes in Torridonian
sandstones on the overturned limb of the Lochalsh
syncline. A more detailed microstructural analysis
of these low strain rocks was subsequently pub-
lished by Rusbridge (1989) who documented evi-
dence for pressure solution and limited crystal
plasticity of detrital quartz grains accompanied by
low temperature dynamic recrystallization invol-
ving grain boundary bulging. This probably corre-
sponds to Regime 1 recrystallization recognized
by Hirth & Tullis (1991) in experimental quartz
deformation and indicates deformation tempera-
tures of c. 300–400 8C at natural strain rates using
the microstructural thermometer proposed by Stipp
et al. (2002). The weak quartz c-axis fabrics
detected in these rocks were interpreted as indicat-
ing the dominance of pressure solution and grain
boundary sliding, with crystal plasticity only
making a minor contribution to the finite strain.

Assynt Region. In the Assynt region the microstruc-
tures of the Glencoul and Ben More thrust sheets
have been described by Knipe (1990) in an optical
microscopy and TEM study of deformed Cambrian
quartzites, and by Wibberley (1995, 2005) who
focused on optical microscopy of deformation in
the Lewisian rocks. Here we concentrate on micro-
structures described by Knipe (1990) from the
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quartzites. Along the Glencoul thrust phyllosilicate-
rich cataclasites are derived from the breakdown of
feldspar-rich Lewisian, while clasts in cataclasites
derived from Cambrian quartzite contain micro-
structural evidence for late stage recovery of high
density dislocation networks. Detrital grains in
quartzites of the overlying Glencoul thrust sheet
exhibit undulatory extinction, deformation bands
and deformation lamellae, but rarely contain micro-
structural evidence for recrystallization. Only very
weakly developed grain shape fabrics are usually
developed in these quartzites indicating the minor
role of crystal plasticity at this structural level.
The deformed Skolithos pipes in these quartzites
have been used as strain markers by Coward &
Kim (1981) and Coward et al. (1992). The strains
indicated by the deformed pipes are generally of
low magnitude, but as in the quartzites located
beneath the Sole thrust at Skiag Bridge (see above)
have probably been accommodated by grain bound-
ary sliding operating in tandem with minor crystal
plastic deformation. Detrital grains in quartzites
from the overlying Ben More thrust sheet also
exhibit undulatory extinction, deformation bands
and deformation lamellae, but are more highly
deformed with aspect ratios of up to 5:1 (see micro-
graph in Knipe 1990, p. 241), indicating the greater
importance of crystal plasticity. Recrystallization is
limited and confined to grain boundaries and defor-
mation band boundaries (grain boundary bulging
and sub-grain rotation) and accounts for less than
5% of the rock volume (Knipe 1990). The plasti-
cally deformed grains in the Ben More thrust sheet
are cross cut by 3D networks of transgranular
fracture zones ranging from micro breccias to extre-
mely fine grained (2–5 micron) cataclasites with
variably recovered dislocation structures in individ-
ual grains.

Eriboll Region. The majority of microstructural
work on the lower thrust sheets of the Moine
Thrust zone has been in the Loch Eriboll area
located at the northern end of the thrust zone
(Figs 1 & 2). Here structural interpretations of the
thrust geometries have varied from study to study
(e.g. McClay & Coward 1981; British Geological
Survey 2000). For our present purposes the area
can be simplified in to three structural units: a
lower thrust sheet of imbricated Cambro-Ordovi-
cian sedimentary rocks (the Ben Heilem imbricate
zone); an overlying thrust sheet of Lewisian gneiss
and moderately deformed Cambrian quartzite
(Arnaboll thrust sheet) separated from the under-
lying imbricates by the Arnaboll thrust; and
at the highest structural level a thick belt of mylo-
nites derived from various protoliths including
Lewisian gneiss and Cambrian quartzite. This belt
of mylonites separates the rocks of the Moine

Thrust zone from the schists of the overlying
Moine Nappe.

Microstructures of folded Cambrian quartzites in
the Ben Heilam imbricate zone have been described
by Allison (1974, 1979) and Morgan (1985). Detri-
tal quartz grains in fold hinges are deformed by
a combination of pressure solution and limited
crystal plasticity (grain aspect ratios of 2:1 to 3:1)
but recrystallization is limited to detrital grain
boundaries. In contrast, on the fold limbs dynamic
recrystallization is locally intense with no detrital
grains surviving. Recrystallization seems to have
involved a combination of grain boundary bulging
and subgrain rotation (Regimes 1 and 2 of Hirth &
Tullis 1992). Deformed Skolithos pipes in these
quartzites have been used as strain markers by
Allison (1979), Coward & Kim (1981), Fischer &
Coward (1982) and Morgan (1985) and indicate
significant (up to 50%) layer parallel shortening
parallel to tectonic transport. X-ray texture gonio-
metry by Allison (1974) of quartz crystallographic
preferred orientation in a sheared pipe rock sample
(408 shear strain) from the Heilam area, in which
recrystallization was minimal, yielded very diffuse
fabrics, possibly indicating the importance of grain
boundary sliding; no optical fabric analyses were
made. The Heilam quartzites are cut by cm-thick
mylonitic shear zones associated with imbrication.
Dynamically recrystallized quartz grains in one of
these mylonitic shear zones has been used by
White (1979a, b) to estimate palaeostress magni-
tudes (and by extension strain rates) using grain
and sub-grain sizes imaged optically and by TEM.
White (1979a) argued that flow, dominated by
grain boundary sliding, would preferentially be con-
centrated in to these fine grained (6–14 micron)
dynamically recrystallizing shear zones. To the
north of the Heilam area, Bowler (1987) has docu-
mented temporal and spatial partitioning of brittle
fracture, pressure solution and crystal plasticity of
Cambrian quartzite within a thrust duplex spectacu-
larly exposed on the coast. This duplex is at a similar
structural level within the Moine Thrust zone to the
Heilam imbricates, and is located c. 2.2 km to the
SSW of Whiten Head.

As discussed in an early section of this review
paper, microstructures associated with the Arnaboll
thrust at the base of the overlying thrust sheet were
first described by Callaway (1884), Lapworth
(1885a) and Teall (1918), and it was here that
Lapworth (1885a) first coined the term ‘mylonite’.
Reviews of this early work on the Ben Arnaboll
mylonite have also been given by White (1982,
2010). Microstructures from Lapworth’s type mylo-
nite locality on the west side of Ben Arnaboll have
been re-examined by White et al. (1982). The pro-
gressive transition over a 1.5 m interval from
original Lewisian gneiss through cataclasite,
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protomylonite and mylonite into ultramylonite on
the Arnaboll thrust has been particularly clearly
demonstrated by White (1998) using a combination
of optical microscopy and TEM. Similar micro-
structural transitions with increasing strain from
incipient cataclasis to crystal plasticity and
dynamic recrystallization have been described by
Tullis (1990) in experimentally deformed quartzo-
feldspathic rocks. White et al. (1982) argued that
the alteration of feldspar to epidote, muscovite and
chlorite in the Arnaboll fault rock sequence led to
the release of silica and reaction enhanced strain
softening as the original gneiss was converted in
to a quartz phyllonite. The mylonitic Lewisian in
this fault rock sequence exhibits a well-defined
cross-girdle quartz c-axis fabric (White et al.
1982, fig. 4). The transition from sheared Cambrian
quartzite (Pipe Rock; see photographs in Butler
et al. 2006, p. 141) through protomylonite and mylo-
nite into ultramylonite in the footwall to the Arna-
boll thrust has also been described by White et al.
(1982); the mylonitic quartzite yielded a weakly
defined cross-girdle fabric. Wibberley (2005) has
recently described a similar microstructural tran-
sition across the Arnaboll thrust on the north side
of Ben Arnaboll using optical microscopy; see
also Wibberley & Butler (2010).

Microstructures in the Cambrian quartzites of
the Arnaboll thrust sheet have been analysed in con-
siderable detail by Dayan (1981). Original detrital
quartz grains were observed to be plastically
deformed in to elliptical shapes with aspect ratios
of between 2:1 and 10:1 or greater, depending on
structural position and thin section orientation rela-
tive to foliation and lineation. Recrystallization in
the Arnaboll thrust sheet quartzites involves grain
boundary bulging and subgrain rotation, potentially
corresponding to experimental recrystallization
regimes 1 and 2 of Hirth & Tullis (1992) and indi-
cating deformation temperatures of c. 400 8C at
natural strain rates using the thermometer of Stipp
et al. (2002). Identical strain and recrystallization
microstructures are present in quartzites down-
faulted against foreland rocks at Sango Bay, Durness
(Fig. 1), 11 km to the WNW of the Eriboll area (Law
unpublished data; see also Holdsworth et al. 2006,
p. 808), possibly indicating the minimum original
transport parallel extent of the Arnaboll thrust sheet.
Optically measured recrystallized grain sizes in
Cambrian quartzite samples from the Arnaboll thrust
sheet and overlying mylonites at Loch Eriboll were
used by Dayan (1981) for palaeostress analyses.

In the Cambrian Pipe Rock of the Arnaboll thrust
sheet exposed at Kempie Bay, McLeish (1971) has
used deformed Skolithos pipes to estimate 3D
strain ratios. The deformed detrital grain shapes in
the Cambrian quartzites were also used as strain
markers by Dayan (1981) in an exceptionally

rigorous 3D strain analysis of samples collected
from the Arnaboll thrust sheet and overlying mylo-
nites, employing three mutually perpendicular thin
sections cut oblique to foliation and lineation in
each sample. Within observational error the X axis
and XY plane of the calculated finite strain ellipsoid
were always found to be parallel to specimen linea-
tion and foliation respectively, demonstrating that
the WNW trending lineation in these tectonites
has formed parallel to the finite principal extension
direction (cf. Fig. 10). Most of Dayan’s samples plot
within the flattening field (1 . k . 0 on the Flinn
plot) with a few samples plotting in the constric-
tional field. Law et al. (1984) subsequently demon-
strated a correlation between 3D strain states and
pattern of quartz c-axis fabric in Dayan’s samples
with samples in the flattening field yielding small
circle girdle fabrics centred about the pole to foli-
ation, while plane strain samples yielded Type 1
(Lister 1977) cross-girdle fabrics, and fabrics in
the constriction field yielded diffusive small girdle
fabrics centred about the lineation. As outlined
above, similar relationships between 3D strain
states and quartz c-axis fabric patterns (Fig. 10a)
had recently been predicted by Taylor-Bishop-Hill
numerical modelling of fabric development under
coaxial strain histories (e.g. Lister & Hobbs 1980),
as well as being produced in experimental studies.

1970s–present: a new generation of

microstructural and quartz fabric work

in the Moine Thrust zone mylonites and

Moine Schists

Below we organize our summary of post mid-1970s
microstructural and crystal fabric work in term of
both ascending structural position (Moine Thrust
mylonites and overlying structures) and geographic
location, traced from north to south, and then
eastwards.

Mylonite belt in the Eriboll–Ben

Hope–North Coast Region

Some of the earliest pioneering microstructural
work on the Moine Thrust zone mylonites was
carried out in the Loch Eriboll–Loch Hope region
(e.g. Callaway 1884; Lapworth 1885a; Teall 1918;
Fig. 3). However, following publication of the Geo-
logical Survey memoir by Read (1931), virtually no
new microstructural work was reported from the
region until the late 1970s; the only exceptions
that we have found being an abstract style report
on recrystallization microstructures in the mylonites
by Wilkinson (in discussion of McIntyre 1954) and
further very limited microstructural descriptions by
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Soper & Wilkinson (1975) that supplemented a
report on larger scale structures. Similarly, although
Phillips (1937) did record collecting samples from
both the Eriboll-Hope region and the mylonites
down-faulted against foreland rocks at Faraid
Head (Figs 1 & 2), the only quartz c-axis fabrics
reported by Phillips were from the Moines at the
southern end of the Kyle of Tongue (a single
girdle fabric; cf. Fig. 10g) and a second sample
collected a few kilometres further south (a strongly
developed cross-girdle fabric; cf. Figs 9 & 10d).
Likewise, although Crampton (1955) did collect
several Moine samples from the Loch Hope area
and southern end of the Kyle of Tongue (cross-
girdle fabrics), no samples were collected from the
classic Moine Thrust mylonites at Loch Eriboll orig-
inally described by Lapworth (1884), Geikie (1884)
and Peach & Horne (1884). Focused microstruc-
tural and quartz fabric work on the Loch Eriboll–
Loch Hope mylonites would not begin until the
late 1970s–early 1980s, some 25 years after
Johnson and Christie had completed their PhD
thesis work on the Lochcarron/Coulin Forest and
Assynt mylonites.

Mylonite belt: structural framework. The belt of
mylonites located in the Loch Eriboll–Loch Hope
region is composed of a series of interleaved
sheets of intensely deformed Lewisian gneiss
(locally a quartz phyllonite referred to as the Oyster-
shell rock) and quartzite of presumed Lower Cam-
brian protolith age (Peach et al. 1907, p. 486) that
is stratigraphically equivalent to the Cambrian
quartzites of the lower thrust sheets and foreland.
Sheath folds developed within the mylonites have
been described by Dayan (1981) and Evans &
White (1984). The mylonite belt, which is located
between the underlying Arnaboll thrust sheet and
the overlying schists of the Moine Nappe, has
been given a variety of local names in different
studies. This is at least partly because the naming
of the thrusts which form the upper and lower sur-
faces of the mylonite belt has changed with time.
The overlying Moine schists also become progress-
ively mylonitic traced downwards to their contact
with the underlying mylonitic Lewisian/Cambrian
quartzite and, at least in terms of penetrative
strain, the upper surface of the mylonite belt is there-
fore gradational.

The location of the Moine Thrust within the
mylonites at Eriboll, and hence the structural frame-
work for microstructural/fabric studies, has long
been a source of controversy (see reviews by Law
et al. 1984 and Butler 2009, p. 248). In the 1907
Geological Survey memoir (Peach et al. 1907,
p. 485) and accompanying one inch geological
map (Sheet 114) the original Survey workers con-
sidered the base of the mylonites to mark the

position of the Moine Thrust. This position was
followed by Soper & Wilkinson (1975) and by
McClay & Coward (1981) who considered the
upper (gradational) surface of the mylonite belt to
be marked by an unnamed thrust. Remapping of
the area led Dayan (1981) to interpret the upper
surface of the mylonite belt (at the base of the
mylonitic Moines) as the Moine Thrust and this
interpretation was supported by Rathbone et al.
(1983) who named the lower and upper surface of
the mylonites the Upper Arnaboll and Moine
Thrusts, respectively. Law et al. (1984) followed
this interpretation, referring to the belt of Lewisian
and Cambrian quartzite derived mylonites as the
Upper Arnaboll thrust sheet.

Mylonite belt: microstructures and fabrics. The
microstructures of the mylonitic Cambrian quart-
zites within the Upper Arnaboll thrust sheet (as
defined by Rathbone et al. 1983) have been
described by Dayan (1981) and Law et al. (1984).
Microstructures of quartzites from this structural
position were also described by White et al.
(1982), Evans (1984) and Evans & White (1984) –
who, following Soper & Wilkinson (1975), con-
sidered the quartzites to lie above the Moine Thrust
at the base of the Moine Nappe. Using samples col-
lected by Dayan (1981), Law et al. (1984) recognized
a domainal distribution of quartzite microstructures
within the Upper Arnaboll thrust sheet.

In the structurally lower parts of the thrust sheet
the quartzites were totally recrystallized by a combi-
nation of sub-grain rotation and grain boundary
migration, with the long axes of the dynamically
recrystallized quartz grains (Sa) being orientated
oblique to mylonitic foliation (Sb), the sense of
obliquity between Sa and Sb being consistent in
all cases with WNW directed over-thrusting. Opti-
cally measured c-axes in the structurally lower
part of the thrust sheets define single girdle fabrics
orientated oblique to foliation, but intersecting foli-
ation along an axis orientated perpendicular to the
ESE plunging mineral lineation (Law et al. 1984).
X-ray texture goniometry of these samples pro-
duced single maximum a-axis fabrics occupying a
pole position to the c-axis girdles (Law et al. 1986).
The sense of obliquity between foliation and c-axis
and a-axis fabrics was in all cases also consistent
with WNW directed over-thrusting (Fig. 10f, g).
Identical microstructures and c-axis fabrics were
described by White et al. (1982) and Evans &
White (1984). Vorticity analyses using the quartz
c-axis fabric–oblique grain shape alignment
method of Wallis (1992, 1995) indicates mean kin-
ematic vorticity numbers (Wm) in the 0.94–1.00
range (85–100% simple shear) for samples
described by Law et al. (1984) with well defined
single girdle c-axis fabrics (Law, unpublished data).
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In contrast, in the central and upper parts of the
thrust sheet, degree of dynamic recrystallization in
the quartzites was much lower and deformed detrital
grain shapes are preserved. 3D strain analyses using
the detrital grains as strain markers indicate that
these mylonitic quartzites plot in the flattening to
plane strain region of the Flinn plot (Dayan 1981),
with the X-axes of the strain ellipsoid orientated par-
allel to the ESE plunging mineral lineation. Opti-
cally measured c-axes from the detrital grains
define Type I (Lister 1977) cross-girdle fabrics
(Fig. 10c) that are essentially symmetric with
respect to mylonitic foliation and lineation (Law
et al. (1984). X-ray texture goniometry of these
samples (scanning across both detrital and recrystal-
lized grains) produced a-axis fabrics that are transi-
tional between point maxima aligned in the XZ
plane and a small circle distribution centred about
the pole to foliation (Z) and point maxima aligned
in the XZ plane (Law et al. 1986). These a-axis
fabrics indicated deformation in the general flatten-
ing field (Fig. 10a) confirming the strain analyses by
Dayan (1981). Dynamic recrystallization in the
central and upper levels of the thrust sheet involved
a combination of subgrain rotation and localized
grain boundary bulging, with recrystallization par-
ticularly nucleating along deformation band bound-
aries and in detrital grains whose c-axes lie on the
trailing edge of the cross-girdle fabric (Law et al.
1984). The combination of grain boundary bulging
and subgrain rotation indicates deformation temp-
eratures of 390–420 8C using the thermometer of
Stipp et al. (2002). This is in close agreement with
deformation temperatures of 395–420 8C indicated
by cross-girdle quartz c-axis fabric opening angles
(50–568) in the samples described by Law et al.
(1984) using the thermometer of Kruhl (1998).
The presence of conjugate shear bands, ‘hard orien-
tation’ globular quartz grains and symmetric cross-
girdle c-axis fabrics were interpreted by Law et al.
(1984) to qualitatively indicate an approximate
coaxial strain path in the central and upper parts of
the Arnaboll thrust sheet. Vorticity analyses using
the quartz c-axis fabric–Rxz strain ratio method of
Wallis et al. (1992, 1995) indicate Wm values in
the 0.30–0.50 range (20–35% simple shear, 80–
65% pure shear component) for samples described
by Law et al. (1984) that yielded both strain data
and well defined cross-girdle c-axis fabrics (Law,
unpublished data).

Non-coaxial shearing at the base of the Upper
Arnaboll thrust sheet was regarded by Law et al.
(1984) as being contemporaneous with coaxial ver-
tical thinning and transport parallel stretching in
the central and upper parts of the thrust sheet,
although shearing could have outlasted coaxial
deformation. Law et al. (1984) proposed a range
of tectonic models, including thrust sheet loading

and extensional flow, which could be compatible
with the inferred strain path partitioning in the
Upper Arnaboll thrust sheet.

Mapping during the late 1990s for the new BGS
geological maps of the Tongue and Eriboll areas
(British Geological Survey 1997, 2000; Fig. 2;
Sheets 114E and 114W) has led to a revision of
the thrust fault geometries recognized during the
1980s in the Eriboll–Loch Hope–north coast
region. For example, the Moine Thrust is now
mapped at the base of locally mylonitic Lewisian
directly underlying the Moine schists, while the
fault contacts at least partially marking the Upper
Arnaboll thrust of Rathbone et al. (1983) have
now been remapped as the Lochan Riabhach
thrust, and an unnamed thrust has been mapped
within the mylonite belt (Holdsworth et al. 2001,
2006, 2007). This unnamed thrust, referred to by
Thigpen et al. (2010) as the Creagan thrust,
clearly complicates the simple picture of strain par-
titioning within a single coherent thrust sheet pro-
posed by Law et al. (1984). Thigpen et al. (2010)
have essentially divided the mylonites of the
Upper Arnaboll thrust sheet recognized by Law
et al. (1984) in to a lower thrust sheet, named the
Upper Arnaboll-Creag na Faoilin (UA–CNF)
thrust sheet, and an upper thrust sheet referred to
as the Creagan thrust sheet whose upper surface is
marked by the Moine Thrust as shown on the new
BGS geological map of the Eriboll area (British
Geological Survey 2000); see also Holdsworth
et al. (2006, 2007). Quartz c- and a-axis fabrics from
SEM EBSD analysis, together with vorticity data
obtained using the rigid grain method of Wallis
et al. (1993), are reported by Thigpen et al. (2010)
from the UA-CNF and Creagan thrust sheets.

Moine Nappe in the Eriboll–Ben

Hope–North Coast Region

Moine Nappe–structural/metamorphic framework.
Although not directly related to our review, the
regional scale structural and metamorphic frame-
work is critically important for understanding the
evolution of microstructures and crystal fabrics
within the Moine Nappe. Structural research since
the 1970s on the Moine metasedimentary rocks
lying between the Moine Thrust in the west and
the Ben Hope and Naver thrusts in the east
(Fig. 1) has been dominated by regional remapping
and characterization of the sequence of folding and
thrusting (see reviews by Holdsworth et al. 2001;
Strachan et al. 2002; Mendum et al. 2009,
pp. 351–367) and detailed mapping of complex
fold geometries and recognition of sheath-like ‘flow
perturbation folds’ (Alsop & Holdsworth 2007 and
references therein). In contrast, less progress has
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been made on refining metamorphic zonation pat-
terns and isotopic dating of metamorphic events in
these largely silici-clastic metasedimentary rocks
(see summaries by Holdsworth et al. 2001;
Johnson & Strachan 2006).

Three main phases of deformation are recog-
nized in the Moine Nappe of northern Sutherland.
A D1 deformation event associated with bedding
parallel penetrative fabrics that increases in inten-
sity traced progressively eastwards and is tenta-
tively assigned to the Neoproterozoic Knoydartian
orogenic event. The dominant penetrative defor-
mation (D2) in the Moine Nappe is thought to
have developed during Scandian (Silurian) age
ductile thrusting (Dallmeyer et al. 2001; Holds-
worth et al. 2001; Kinny et al. 2003) and involved
tight to isoclinal folding accompanied by wide-
spread formation of a composite (S0, S1, S2) ESE-
dipping foliation and ESE- to SE-trending mineral
lineation (Fig. 5a) that is interpreted to lie parallel
to tectonic transport (Barr et al. 1986; Holdsworth
et al. 2001). Strain data reported from the central
and upper parts of the Moine Nappe (Figs 1 & 2)
on Ben Hutig and at Strathan Bay (Wood 1973;
Mendum 1976) are probably a reflection of the com-
posite nature of F1 and F2 folding and associated
penetrative deformation (Mendum 1976; Mendum
et al. 2009, pp. 367–372). Tight to isoclinal F2

sheath folds are developed on all scales with
hinges lying sub-parallel to the ESE- to SE-trending
L2 mineral elongation lineation (Alsop & Holds-
worth 2007; Alsop et al. 2010). The regional foli-
ation intensifies in to broad zones of mylonite
developed near the main ductile thrusts. D2 fabrics
appear continuous across the Moine Nappe, but
probably developed diachronously during progress-
ive thrusting (see discussion by Butler 2010b). The
main phase D2 structures are deformed by F3 buckle
folds that developed on all scales and variable orien-
tation with respect to the transport direction (Holds-
worth et al. 2001, 2007 and references therein).
These folds have been related to development of
flow perturbations during displacement along D2

ductile thrusts (Alsop et al. 2010 and references
therein; but see also Mendum et al. 2009, p. 371).

A westward decrease in metamorphic grade
within the Moine Nappe is indicated by change in
plagioclase composition in pelitic, calc-silicate
and mafic rocks (Soper & Brown 1971). Two dis-
tinct metamorphic zones, separated by a transitional
boundary located along the Kyle of Tongue and a
broad zone of ductile thrusting defined by the
Dherue and Ben Hope thrusts, are recognized
(Holdsworth et al. 2001, 2007). The metamorphic
mineral assemblages appear to result from super-
imposed Neoproterozoic and Caledonian (Scan-
dian) metamorphic events (Holdsworth et al.
2001; Strachan et al. 2002; Mendum et al. 2009,

pp. 365–367). The eastern and structurally higher
zone is characterized by low amphibolite facies
mineral assemblages (.500 8C) where mylonitic
fabrics are rarely preserved due to annealing recrys-
tallization of quartz and feldspar. The western and
lower zone is characterized by transitional upper
to middle greenschist facies mineral assemblages
with limited recrystallization of feldspar (350–
500 8C) in which mylonitic textures are commonly
preserved in zones of high strain adjacent to ductile
thrusts (Holdsworth et al. 2001, 2006). The base of
the Moine Nappe is marked by a zone of lower
greenschist facies retrogression (c. 250–350 8C
according to Holdsworth et al. 2006) which, as dis-
cussed in an earlier section of our review, was first
recognized by Read (1931, 1934a) above the
Moine Thrust. Holdsworth (1989) and Holdsworth
et al. (2001) have documented examples of this
retrogression on the west flanks of Ben Hutig
where biotite and garnet are altered to chlorite. They
consider this retrogression to be related to myloniti-
zation and displacement on the underlying Moine
Thrust zone. However, such retrogression seems to
be very heterogeneous as garnet and pristine
fox-red biotite are locally recorded in Moine quartz-
rich pelites preserved on Faraid Head (Fig. 2) 11 km
to the WNW of the Moine Thrust zone (Law and
Thigpen, unpublished data); see also similar des-
criptions by Read (1931, pp. 46–50) and Bailey
(1955, pp. 114–117) from mylonites in the Ben
Hee–Loch More area (Fig. 2). The ESE-trending
folds and linear structures that are diagnostic of
D2 deformation further to the east (Fig. 5a) can be
traced continuously into the mylonite belt adjacent
to the Moine Thrust (Soper & Wilkinson 1975;
Holdsworth et al. 2001) suggesting continuous
WNW directed thrusting during metamorphism and
retrogression. Barr et al. (1986) attributed the pattern
of regional metamorphic inversion seen in the
Moine Supergroup to foreland-propagating ductile
deformation as rocks derived from progressively
shallower levels were accreted onto the base of the
Scandian orogenic wedge. This accretion model
carries the implication that, although all the defor-
mation fabrics (foliation, lineation) may develop
during a single broad phase of orogenesis, due to
the diachronous nature of the deformation the ‘absol-
ute age’ of these fabrics will vary from location to
location. Associated problems in correlating fabrics
developed during diachronous deformation in fold-
and thrust-belts are discussed by Butler (2010b).

Moine Nappe–microstructures and fabrics. White
et al. (1982) have traced the progression of micro-
structures from the Moine Thrust zone mylonites
southeastwards in to the Moine schists along the
Creagan Road between Loch Eriboll and Loch
Hope. This traverse was subsequently extended
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further southeast to the Ben More thrust by
Evans (1984) and Evans & White (1984) and
supplemented with a second traverse from the
Moine Thrust near Ben Arnaboll eastwards across
A’Mhoine towards Tongue. In these traverses
grain size reduction of quartz close to the Moine
Thrust was found to be exclusively due to
dynamic recrystallization rather than cataclasis (cf.
‘granulation’ of Read 1931, 1934a).

In the west recrystallized quartz grain size in the
Moine mylonites tends to be small and controlled by
spacing between second phase particles such as
phyllosilicates (grain boundary pinning); relic
large quartz grains contain subgrains and well
developed core-mantle structures. These micro-
structures indicate quartz recrystallization by a
combination of subgrain rotation and limited grain
boundary migration. Feldspar and rare garnet
clasts are mantled by chlorite overgrowths and in
XZ thin sections from quartz rich (phyllosilicate
poor) horizons the long axes of dynamically recrys-
tallized quartz grains are oblique to mylonitic foli-
ation; the sense of obliquity is consistent with
WNW directed overthrusting (Evans & White
1984). Traced to the south and east away from the
obvious mylonites, microstructural shear sense indi-
cators become less common, recrystallized quartz
grain size increases, quartz grain boundaries are
smoother with 1208 triple junctions, internal strain
features within quartz grains become less pro-
nounced, and foliation parallel mica inclusions in
quartz grains become more common (Evans &
White 1984, p. 380) indicating a greater degree of
grain boundary mobility. Biotite is common within
these rocks, although partially altered to chlorite,
indicating upper greenschist facies conditions.
Evans & White (1984) interpreted this regional
scale change in microstructures as indicating that
the Moine Thrust mylonites developed by rework-
ing under lower greenschist facies conditions of
earlier slightly higher grade (upper greenschist)
fabrics now only preserved to the south and east at
structurally higher levels within the Moine Nappe.
These overprinting mylonites located above the
Moine Thrust would correspond to the zone of
‘abnormal Moines’ recognized to the east of Skye
by MacGregor (1952) on the basis of quartz micro-
structures, and subsequently also recognized by
Crampton (1963) in the Moines of eastern Assynt.

The samples collected by Evans & White (1984)
from the Moine Thrust mylonites and overlying
Moine schists between the Moine and Ben Hope
thrusts were characterized by single girdle quartz
c-axis fabrics (cf. Fig. 10g). The sense of asymmetry
in these optically measured single girdle fabrics was
in all cases indicative of WNW directed overthrust-
ing in agreement with microstructural indicators
where present. A few samples within the Moine

schists were transitional between asymmetric single
girdle and Type 1 (Lister 1977) cross-girdle fabrics
(cf. Fig. 10c, f ) but no strongly developed cross-
girdle fabrics, similar to those previously reported
by Phillips (1937) and Crampton (1955) further to
the east in Moine schists exposed at the southern
end of the Kyle of Tongue (Fig. 2), were recorded.

The single and cross-girdle fabrics reported by
Evans & White (1984) are important because they
confirm that: a) by analogy with experimental and
numerical fabric studies, the pervasive ESE plunging
mineral lineation in both the mylonitic and non-
mylonitic Moines has developed parallel to the
maximum finite principal extension direction
(Fig. 10), as also demonstrated for high strain rocks
(including Cambrian quartzites) in the underlying
Moine Thrust zone; b) pervasive top to the WNW
shearing occurred throughout the Moine Nappe
between the Moine and Ben More thrusts. Addition-
ally, as later pointed out by Holdsworth & Grant
(1990) similar quartz c-axis fabrics are recorded in
both mylonitic rocks and in non-mylonitic rocks
with greater microstructural evidence for recovery,
indicating that fabrics produced during plastic flow
and dynamic recrystallization are preserved despite
annealing. Similar conclusions, based on experi-
mental data, have previously been made by Green
et al. (1970) who demonstrated that annealing may
modify some fabric elements, but does not destroy
the fabric itself.

The microstructural and quartz fabric data of
Evans & White (1984) would seem to support the
contention made by H. H. Read that in the type
locality for the Moines the effects of ‘dislocation
metamorphism’ associated with the Moine Thrust
extend eastwards in to the Moine Nappe (Read
1934a). However, as discussed in an earlier section
of our review, Read seems to have regarded the
thrust-related deformation as being associated with
brittle deformation (granulation) rather than plastic
deformation and dynamic recrystallization of
quartz. Despite the transport parallel continuity in
principal stretching direction (Fig. 5a) and shear
sense indicated by their fabric and microstructural
data, Evans & White (1984) cautioned against
assuming that penetrative deformation in the Moine
Nappe was of Caledonian age. They argued that in
the absence of isotopic age data, a Caledonian age
could only be proven in the Moine Thrust zone mylo-
nites where quartzites of undoubted Cambrian proto-
lith age were caught up in the deformation. As
outlined above, D2 and D3 penetrative deformation
within the Moine Supergroup between the Moine
and Ben More thrusts is now viewed as being of
Caledonian (Scandian) age (see isotopic data of
Dallmeyer et al. 2001; Kinny et al. 2003; Alsop
et al. 2010), although an earlier (D1) phase of defor-
mation that could be of Neoproterozoic age is also
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locally recognized (Holdsworth et al. 2001). The
sigmoidal inclusion trails with NW–SE trending
rotation axes recognized by McLachlan (1953) in
garnets from amphibolites in the immediate hanging
wall to the Ben Hope thrust, and used as supporting
evidence for the NE–SW transport direction inferred
by Phillips (1937) from quartz fabric data in the
Moine schists (see earlier section of review), may
be related to this D1 deformation phase.

Microstructures and quartz fabrics associated
with mylonites of the Ben Hope thrust (Fig. 1)
exposed on the west side of Ben Hope have been
described by Evans & White (1984), Grant (1989)
and Holdsworth & Grant (1990). Evans & White
(1984) considered that the microstructures of these
mylonites were similar to mylonites above the
Moine Thrust and, although not stated, from this it
could be inferred that deformation conditions were
also presumably similar during motion on the two
thrusts. From our own samples collected from the
two mylonite belts we would argue that although this
may be true in terms of grain boundary pinning in
phyllosilicate-rich units, recrystallized grain size is
significantly larger in quartz-rich units in the Ben
Hope thrust mylonites, possibly indicating slightly
higher deformation temperatures than in the Moine
Thrust mylonites (Law unpublished data). Optically
measured quartz c-axis fabrics from the Ben Hope
mylonites were dominantly asymmetric single
girdle fabrics indicating a top to the WNW shear
sense (Evans & White 1984; Holdsworth & Grant
1990), although one mylonite sample collected to
the south of Ben Hope yielded a single girdle
fabric with a top down to the ESE shear sense
(Holdsworth & Grant 1990). This top down to the
ESE shear sense is also indicated by c-axis fabric
asymmetry in other samples collected close to the
Ben More thrust (Law unpublished data) suggesting
that localized late stage normal sense motion on this
mylonite zone may be of regional extent.

Lower strain Moine psammites in the hanging
wall to the Ben Hope thrust yielded diffuse cross-
girdle c-axis fabrics (Holdsworth & Grant 1990).
Further to the north, quartz fabrics have been
measured by Lloyd et al. (1987a, b) in quartz rods
developed in the hanging wall to the Ben Hope
thrust near Strathan Bay. Quartz fabrics in these
intensely deformed quartz veins were measured by
optical microscopy, bulk X-ray texture goniometry
and SEM-based electron channelling pattern (ECP)
analysis of individual grains. All three methods
yielded an asymmetric single girdle c-axis fabric
indicating a top-to-the-WNW shear sense. This
was the first (and only) time that ECP analysis was
applied to a naturally deformed rock before being
superseded by SEM-based EBSD analyses.

Holdsworth (1989) and Holdsworth & Grant
(1990) have noted that the orientation of foliation

does not change between high strain (mylonitic)
and low strain domains recognized on the basis of
microstructures between the Moine and Ben Hope
thrusts. They argued that a heterogeneous simple
shear model (sensu Ramsay & Graham 1970)
could not apply because marked changes in fabric
orientation should occur between regions of differ-
ent strain intensity. In contrast, they suggested that
the observed structural relationships were more
readily explained in terms of a tectonic model in
which each thrust bounded unit underwent an
approximately homogeneous component of vertical
coaxial flattening (sensu lato) together with a vari-
able superimposed component of foreland directed
simple shear. Similar tectonic models involving
simultaneous vertical coaxial thinning and thrust
parallel shearing had previously been proposed
for the Moine Thrust mylonites on theoretical and
observational grounds by Sanderson (1982), Law
et al. (1984, 1986) and Law & Potts (1987) –
see below. Vorticity data obtained using the rigid
grain method of Wallis et al. (1993), from the
Moines of the Eriboll–Ben Hope–north coast
region are reported by Thigpen et al. (2010) and
indicate significant components of pure shear defor-
mation associated with vertical thinning. In this
interpretation the c-axis fabric evidence for late
normal (top down to the ESE) sense motion on at
least some of the Ben Hope mylonites (see above)
would be compatible with foreland (WNW) directed
ductile extrusion of the high strain rocks located
between the Moine Thrust (base) and overlying
Ben Hope ‘thrust’.

Mylonites in the Assynt Region: Stack

of Glencoul

In this section of our review we follow Peach et al.
(1888, p. 417; 1907, p. 503) and Christie (1963,
p. 363) in placing the Moine Thrust plane at the
foliation-parallel contact between the mylonitic
Cambrian quartzites and overlying similarly
deformed Moine metasedimentary rocks. This
contact is spectacularly exposed at the Stack of
Glencoul and in the Allt nan Sleach stream section
of southern Assynt (Law et al. 1986; Law 1998a,
b). In the Assynt area mylonitic Cambrian quartzites
are locally present in the immediate footwall to the
Moine Thrust from Strath nan Aisinnin in the north,
southwards through the Stack of Glencoul and Gorm
Loch Mor (Law et al. 1986) to the Allt nan Sleach
stream section (Law et al. 1986) of southern
Assynt (Figs 1 & 2). Some of these footwall quart-
zite slivers in the Gorm Loch Mor–Loch Ailsh
area were originally interpreted as being of Torrido-
nian age (Peach et al. 1907, p. 511) and are shown as
such on the Assynt Special Sheet (Geological

MICROSTRUCTURES AND CRYSTAL FABRICS OF THE MOINE THRUST ZONE 485



Survey of Great Britain 1923). However, as these
slivers are almost pure quartzite with no feldspar a
Cambrian age seems more likely, as is depicted on
the new edition of the Assynt Special Sheet
(British Geological Survey 2007). Important, but
unmapped, thrusts must presumably be present at
the base of the mylonitic Cambrian rocks as they
are underlain by rocks that have very low strains
(e.g. Law et al. 1986, fig. 4a, b) and significantly
lower temperature microstructures.

Since the work by John Christie in the 1950s,
new studies of the Assynt mylonites have primarily
concentrated on the exposures at the Stack of
Glencoul. More limited new work on the Assynt
mylonites has been carried out at the same structural
level in the Strath nan Aissinnin area to the north of
the Stack, and in the Gorm Loch Mor area and Allt
nan Sleach stream section in southern Assynt. These
new microstructural and quartz crystal fabric studies
have, in addition to optical microscopy, employed
TEM, SEM, X-ray texture goniometry and SEM-
based EBSD techniques.

Stack of Glencoul strain analyses. Following the
highly influential microstructural and quartz c-axis
fabric work by John Christie on the Assynt mylo-
nites (Christie 1956, 1960, 1963), the next phase
of research involved strain analyses by McLeish
(1971) and Wilkinson et al. (1975) of the horizon
of mylonitic Cambrian Pipe Rock located in the
footwall to the Moine Thrust at the Stack of Glen-
coul. The microstructural deformation features in
this horizon of mylonitic Pipe Rock had first been
described by Callaway (1883, 1884). Based on the
elliptical outline of deformed pipes exposed on the
mylonitic foliation planes, McLeish (1971, p. 496)
estimated Rxz strain ratios of approximately 45:1.
Wilkinson et al. (1975) demonstrated that the pipe
long axes are actually inclined at a very low angle
to lithological banding/mylonitic foliation and
assuming simple shear used this obliquity to esti-
mate shear strains (g) of 9–12, corresponding to
Rx ratios of 80–146. In contrast, recent 3D strain
analyses by Law et al. (2007, 2010) using deformed
detrital grains in the mylonitic Cambrian quartzites
exposed at the Stack of Glencoul indicate much
lower strain magnitudes. These grain shape based
analyses indicate that the Stack quartzites plot
within the general flattening field, a conclusion
supported by the a-axis fabric patterns (Fig. 10a)
in these mylonitic quartzites – see below. Within
observational error, mylonitic foliation and the ESE
plunging mineral lineation in the quartzites was
found to be parallel to the XZ plane and x axis
of the estimated strain ellipsoids. Estimated Rxz
ratios are in the 10–20 range (Law et al. 2007,
this volume) and, taking in to account estimated vor-
ticity values (see below), shear strains (g) increase

from ,3 to c. 9 traced upwards towards the over-
lying Moine Thrust plane (Law 2010).

Stack of Glencoul microstructures. In the original
work by Christie (1956a, 1963) only three samples
of mylonitic Cambrian quartzite were described
from the Stack of Glencoul and no account was
taken of structural position (J. M. Christie pers.
comm. to RDL 1988) relative to the Moine Thrust
plane. Subsequent resampling in vertical transects
through the footwall quartzites and into the over-
lying hanging wall mylonitic Moines was conducted
by Weathers et al. (1979) and later by Law et al.
(1986) who recognized a domainal distribution of
microstructures in the footwall quartzites. Close to
the thrust plane (,0.15 m) the original detrital
quartz grains are recrystallized (60–100% new
grains) and slightly elongate new grains in XZ thin
sections are aligned oblique to mylonitic foliation,
the sense of obliquity being consistent with
WNW-directed thrusting. At distances greater than
30 cm beneath the thrust plane the volume fraction
of recrystallized grains is lower (40–75%) and the
mylonitic foliation is defined by flattened relic det-
rital grains as originally described by Callaway
(1883, 1884) and Christie (1956a, 1963). The pres-
ence of ‘hard orientation’ globular relic grains with
their c-axes orientated perpendicular to foliation in
this lower domain was interpreted by Law et al.
(1986) to indicate approximately coaxial defor-
mation conditions, indicating a strain path partition-
ing controlled by distance beneath the thrust plane.

Foliation in the overlying mylonitic Moine
pelites and psammites is defined by preferred align-
ment of chlorite, white mica and planar domains
of dynamically recrystallized quartz. As originally
described by Christie (1963) the foliation is
locally folded on the cm-scale; traced downwards
towards the thrust plane the folds tighten and are
transposed in to a platy mylonitic foliation orien-
tated parallel to the thrust plane (Law et al. 2007,
2010). This foliation is locally deformed in to
WNW-verging minor folds (cm-scale) picked out
by foliation parallel dynamically recrystallized
quartz veins (Law 1990).

Stack of Glencoul quartz fabrics. The microstruc-
tures-based concept of domainal strain path parti-
tioning in the footwall quartzite mylonites
suggested by Law et al. (1986) was supported by
optical and X-ray texture goniometry quartz fabric
data. Quartz c- and a-axis fabrics in the lower
domain were essentially symmetric with respect to
mylonitic foliation and lineation, at least qualitat-
ively indicating approximate coaxial strain paths
associated with a general flattening (1 . k . 0)
deformation (Law et al. 1986; Law 1987; cf.
Fig. 10a), as later confirmed using deformed detrital
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grains as strain markers (Law et al. 2007, 2010). The
Type 1 cross-girdle c-axis fabrics (cf. Fig. 10c)
measured optically on deformed detrital grains
were similar to the cross-girdle fabrics previously
reported by Christie (1963, fig. 23) in his Stack of
Glencoul samples (62, 66 & E23), although the
detailed topology of Christie’s fabrics is difficult
to discern in the projection plane (orientated perpen-
dicular to lineation) that he used (cf. Fig. 10c–f).
The a-axis fabrics (produced by scanning across
both detrital and recrystallized grains) were also
similar to those measured by Riekels (1973) and
Riekels & Baker (1977) on Christie’s sample 62
from the Stack quartzites. In contrast, quartz c-
and a-axis fabrics in the upper domain more
highly recrystallized quartzites adjacent to the
thrust plane were strongly asymmetric, the sense
of asymmetry (as also indicated by the microstruc-
tures) being consistent with WNW thrusting (Law
et al. 1986; Law 1987). Later universal stage work
on the deformed and dynamically recrystallized
quartz veins in the overlying Moine mylonites has
confirmed that these hanging wall rocks are also
characterized by asymmetric c-axis fabrics consist-
ent with WNW thrusting (Law et al. 2007). A
detailed account of the vertical transition from sym-
metric to asymmetric quartz c- and a-axis fabric at
the Stack of Glencoul is given by Law et al.
(2010), while SEM-based EBSD microstructural
and fabric analyses of the mylonitic quartzites at
the Stack are reported by Halfpenny et al. (2006)
and Lloyd et al. (2010).

Stack of Glencoul strain paths and tectonic models.
Law et al. (1986) argued that formation of the
asymmetrical fabrics (top-to-the-WNW non-coaxial
deformation) at the Stack of Glencoul must
have been either contemporaneous with, or later
than, formation of the symmetrical fabrics (vertical
coaxial shortening and transport parallel extension).
This was in marked contrast to the original interpret-
ation by Christie (1963, p. 405) that the symmetric
c-axis fabrics measured on detrital grains in the foot-
wall quartzites indicated a relatively late period of
vertical coaxial shortening overprinting asymmetric
fabrics produced during thrust related shearing.

Additionally, Law (1990) demonstrated that
quartz c-axis fabrics in folded quartz veins above
the thrust plane at the Stack of Glencoul indicated
a WNW–ESE-trending principal extension direc-
tion parallel to tectonic the thrust transport direc-
tion, regardless of local fold hinge trend, although
both microstructures and sense of c-axis fabric
asymmetry indicated opposite senses of shear on
adjacent long (top-to-WNW) and short (top-to-ESE)
fold limbs (see also Law et al. 2010). Once again
this was in marked contrast to the earlier findings
of Christie (1963) who, as discussed in an earlier

section of our review, had previously argued that
these folds indicated SW directed strike slip motion
on the Moine Thrust and its associated mylonites.
Christie (1963, p. 404) had also argued that his
inferred late period of vertical coaxial shortening
was supported by fabric data from samples of
folded mylonite collected to the SE of the Stack of
Glencoul. In these samples adjacent fold limbs
were considered to have similar c-axis fabrics,
which Christie argued must have been superim-
posed after folding, supporting his suggestion that
a late period of vertical coaxial shortening had over-
printed asymmetric fabrics produced during earlier
shearing. However, these fabrics were measured
and viewed on section planes orientated perpendicu-
lar to lineation (Christie 1963, fig. 23 – diagrams
D10–12) in which it is difficult to recognize
subtle variations in fabric pattern (cf. Fig. 10d, f).
Clearly the new data measured on XZ section
planes indicated that folds in the mylonites above
the thrust plane at the Stack of Glencoul developed
during WNW thrusting and were not passively over-
printed by fabrics associated with a relatively late
period of vertical coaxial shortening (Law 1990;
Law et al. 2010). However, TEM analyses do
indicate a constant dislocation density within the
Stack of Glencoul mylonite sequence (Weathers
et al. 1979) and this may be related to either late
annealing and recovery that post dates penetrative
deformation (Ord & Christie 1984; Law et al.
1986), or to small plastic strains produced by
holding the elastically anisotropic quartz grains
under hydrostatic stress at elevated temperatures
(Jones 1978).

The variation in fabric symmetry reported by
Law et al. (1986) can only give a qualitative indi-
cation of strain path (coaxial versus non-coaxial
deformation). Recent re-examination of the Stack
samples, using a range of vorticity analysis tech-
niques, confirms that higher flow vorticities are
recorded in the hanging wall Moine mylonites and
largely recrystallized Cambrian quartzites lying
immediately below the Moine Thrust plane, while
lower vorticites are recorded in the mylonitic quart-
zites at greater distances beneath the thrust plane
(Law et al. 2007; Law 2010). However, this
outcrop scale flow partitioning is complicated in
the footwall mylonites by a more subtle thin-section
scale partitioning between the relic detrital grains
and their matrix of dynamically recrystallized
grains. Integration of strain and vorticity data indi-
cates a vertical shortening of 50–75% and transport
parallel stretching of approximately 100–130%
associated with crystal plastic deformation of the
footwall quartzites (Law 2010).

Stack of Glencoul deformation conditions. Temp-
eratures of mylonite formation at the Stack of
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Glencoul were estimated at 300–350 8C by Johnson
et al. (1985). Quartz recrystallization is dominantly
by subgrain rotation (Law et al. 1986), although
SEM-based microstructural analysis by Halfpenny
et al. (2006) indicates that grain boundary bulging
may also be important in the mylonitic quartzites.
Adopting the microstructural thermometer proposed
by Stipp et al. (2002), simultaneous grain boundary
bulging and subgrain rotation would indicate defor-
mation temperatures of approximately 400 8C (Law
et al. 2010). Potentially higher deformation temp-
eratures (400–500 8C) are indicated if recrystalliza-
tion is dominated by subgrain rotation. Opening
angles of Type 1 cross-girdle c-axis fabrics (cf.
Fig. 10c) measured on detrital grains in the footwall
quartzites indicate deformation temperatures
of 390–440 8C using the thermometer of Kruhl
(1998). Larger opening angles in cross girdle
fabrics measured on matrix recrystallized grains in
these quartzites probably indicate the influence of
hydrolytic weakening rather than higher defor-
mation temperatures (Law et al. 2010).

Knipe (1990) has demonstrated in an integrated
optical and TEM study that the deformation
history of the Stack of Glencoul mylonites involved
a transition from ductile deformation by distributed
dislocation creep and dynamic recrystallization, to
deformation involving more localized shearing
and fracturing; see also Law (1998a). All these
events were associated with WNW thrusting that
was followed by deformation involving diffusive
mass transfer, producing more vertical shortening.
A more complex scenario has recently been pro-
posed by Bell (2010) who has described multiple
sub-horizontal and sub-vertical foliations in the
pelitic Moine mylonites above the Moine Thrust
plane at the Stack of Glencoul. Bell has interpreted
these foliations in term of multiple cycles of hori-
zontal and vertical shortening associated with grav-
itational collapse and thrust transport parallel
extrusion.

Mylonites in the Assynt Region: Strath nan

Aisinnin and Allt nan Sleach

Strath nan Aisinnin. Microstructures and crystal
fabrics in mylonitic Cambrian quartzites to the
north of the Stack of Glencoul have recently been
described by Strine & Wojtal (2004) and Strine &
Mitra (2004). These quartzites are located in the
immediate footwall to the Moine Thrust and are in
the same structural position as the Stack of Glencoul
mylonitic quartzites. Strine & Wojtal (2004) noted
similar microstructural and crystal fabric transitions
in the quartzites exposed at Strath nan Aissinnin
(Figs 1 & 2) to those described by Law et al.
(1986) at the Stack of Glencoul. However, the

transition from partially recrystallized quartzites
with symmetric c-axis fabrics (small circle –
Type 1 cross-girdles; cf. Fig. 10a), to completely
recrystallized quartzites with asymmetric single
girdles occurred at 19 m beneath the Moine Thrust
plane at Strath nan Aissinnin, in contrast to 0.3 m
beneath the thrust plane recorded at the Stack of
Glencoul (Law et al. 1986, 2010; Law 1987).
Recrystallization appears to be by subgrain rotation,
although Strine & Mitra (2004) inferred grain
boundary migration from Y axis point maxima in
some of their c-axis fabrics. Strain analyses of the
partially recrystallized quartzites using detrital
grain shapes indicated general flattening strains at
Strath nan Aissinnin which are very similar to
those recorded at the Stack of Glencoul (Law et al.
2007, 2010), although estimated strain magnitudes
are significantly lower than in the Stack quartzites
(Nadai strain magnitudes ranging from 1s ¼ 0.5–
1.25 compared with 1s values of 1.7–2.0 at the
Stack). All microstructures and crystal fabrics were
consistent with WNW thrusting. Strine & Mitra
(2004) also reported c-axis fabrics for a series of
quartzite samples collected between Strath nan
Aisinnin and the Stack of Glencoul; however the
degree of preferred orientation in these fabrics is
too low for meaningful interpretation. Mokkerjee
& Mitra (2009) have recently attempted to numeri-
cally model domainal variations in 3D strains that
may develop above a flat-ramp-flat system, and
found some similarities with the strain data reported
by Strine & Wojtal (2004) and Strine & Mitra (2004)
from the Strath nan Aisinnin area.

Allt nan Sleach stream section. Some of the most
extensive outcrops of mylonitic quartzites within
the Assynt region are located along the banks of
this small tributary to the River Oykell in southern
Assynt (Figs 1 & 2). The stream section is men-
tioned in the original Survey Memoirs (Peach et al.
1907, p. 609; Read et al. 1926, p. 120), but was first
mapped in detail by Christie (1963, p. 369, fig. 10).
The stream section was subsequently re-examined
by Law et al. (1986). Two major sheets of mylonitic
pure quartzite, separated by a series of Moine rocks,
are exposed in the stream section. This has been
interpreted by both Christie (1963) and Law et al.
(1986) to indicate that the Moine Thrust, which orig-
inally placed Moine rocks over mylonitic Cambrian
quartzite, has been breached by later faulting in this
area, resulting in repetition of a single originally con-
tinuous unit of Cambrian quartzite. The Moine
Thrust plane itself, a ductile contact similar to that
exposed at the Stack of Glencoul, was until recently
spectacularly exposed to the SE of this later fault
(Law et al. 1986, p. 113; Law 1998b, p. 495) but is
currently obscured by forestry workings. Both the
Moines and quartzites exposed in the stream
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section contain an intense mylonitic foliation and
strongly defined ESE-plunging mineral lineation.

A sill of porphyritic nordmarkite (quartz-bearing
syenite) is intruded along the late cross-cutting fault.
In hand sample the nordmarkite cross-cuts myloni-
tic foliation in the Cambrian quartzite, but is itself
deformed, exhibiting a spaced foliation defined by
quartz and white mica overgrowths on feldspar
phenocrysts, which are parallel to the stretching
lineation in the adjacent mylonitic quartzite (Law
et al. 1986, p. 113; Law 1998b, p. 495). This
suggests that the nordmarkite was intruded during
the waning stages of thrust-related mylonitization.
Unfortunately isotopic dating has not been under-
taken on this sill that appears to belong to a swarm
of nordmarkite sills that intrude the Moine schists
and Cambrian rocks to the south and southeast
of Loch Ailsh (Read et al. 1926, p. 105; Sabine
1953; Parsons 1999, pp. 390–391; Goodenough
et al. 2004). However, these microfabrics at the
leading edge of the Moine Nappe strongly support
the suggestion by Parsons (1979) that movement
on the Moine Thrust plane persisted throughout
intrusion of the nordmarkite suite, as the ‘Moines
finally travelled into the area of alkaline activity in
the Assynt area’ (Halliday et al. 1987, p. 614); see
also Searle et al. (2010).

The mylonitic Moines exposed in the stream
section contain shear bands indicating a top to the
WNW shear sense. The Cambrian quartzites are
totally recrystallized and, in sections cut perpen-
dicular to foliation and parallel to lineation, are
characterized by elongate dynamically recrystal-
lized grains orientated oblique to foliation, the
sense of obliquity also being consistent with
WNW thrusting (Law et al. 1986; Knipe & Law
1987). Law (2010, fig. 5c) has estimated mean kin-
ematic vorticity values (Wm) of 0.75–0.95
(45–20% pure shear, 55–80% simple shear) using
the c-axis fabric/oblique grain shape alignment
method of Wallis (1992, 1995), with most of the
data falling in the Wm ¼ 0.85–0.95 range (55–
80% simple shear). These are significantly higher
vorticity values, and therefore higher simple shear
components, than those indicated by the same
analytical technique in the mylonitic Cambrian
quartzites at the Stack of Glencoul (Law 2010).

Microstructures in the Allt nan Sleach quartzites
are also very different from those observed in the
mylonitic Cambrian quartzites at the Stack of
Glencoul. Recrystallization is dominantly by grain
boundary migration, with some subsidiary sub-grain
rotation, in the Allt nan Sleach quartzites. Grain size
is directly proportional to phyllosilicate content,
indicating the importance of grain boundary
pinning. Adopting the microstructural thermometer
proposed by Stipp et al. (2002) grain boundary
migration would indicate deformation temperatures

.500 8C, although subsidiary sub-grain rotation
would lower this estimate to 490–530 8C if con-
temporaneous with grain boundary migration.
These inferred deformation temperatures are signifi-
cantly higher than those indicated by microstruc-
tures at the Stack of Glencoul, and may well
indicate that at least the waning stages of myloniti-
zation associated with motion on the Moine Thrust
occurred during the early cooling stages of the
adjacent Loch Ailsh alkaline intrusive complex
(recently re-dated by BGS with a U–Pb zircon age
of 430.6 + 0.3 Ma; K. Goodenough & I. Miller,
pers. comm.); see also discussion by R. W. H.
Butler in Mendum et al. (2009, p. 291).

Christie (1963) reported the c-axis fabrics of two
samples (E14 and E15) from the lower and upper
quartzite sheets, respectively, of the Allt nan
Sleach stream section. Both yielded strongly
defined cross-girdle fabrics (Christie 1963, fig. 23)
although the detailed topology of the fabrics is diffi-
cult to discern in the projection planes that are orien-
tated perpendicular to lineation (cf. Fig. 10c–f). A
suite of mylonitic Moine and Cambrian samples
was subsequently collected from the stream section
by Law et al. (1986) and all yielded either single
girdle or transitional Type 1–2 (Lister 1977) cross-
girdle c-axis fabrics viewed in XZ section planes
orientated perpendicular to foliation and parallel to
lineation (cf. Fig. 10c, d, g). The sense of asymmetry
in all fabrics was consistent with WNW thrusting.
Ord & Christie (1984) and Knipe & Law (1987)
have used sub-grain size and dislocation densities
in the Allt nan Sleach mylonites to estimate palaeos-
tress magnitudes. Dislocation densities were found
to be highly variable and subgrain size (and hence
inferred stress magnitude) varied with the crystal
orientation (i.e. position on the c-axis fabric) of
their host grains (Knipe & Law 1987).

Opening angles in the transitional Type 1–2
cross-girdle fabrics indicate deformation tempera-
tures of c. 520–560 8C in the Moine mylonites
and 465–550 8C in the mylonitic quartzites (Law,
unpublished data) using the thermometer of Kruhl
(1998) and Law et al. (2004). These Type 1–2
cross-girdle c-axis fabrics contrast with the Type 1
cross-girdle fabrics measured in the mylonitic
Cambrian quartzites at the Stack of Glencoul and
could indicate higher deformation temperatures
(see above) and/or slightly constrictional strains
(see discussion in Law et al. 1986). Quartz a-axis
fabrics measured by X-ray texture goniometry in
the Allt nan Sleach mylonites dominantly indicated
plane strain – slightly constrictional deformation
conditions (Law et al. 1986; cf. Fig. 10a). In contrast
the Stack of Glencoul mylonitic quartzites are
characterized by general flattening strains. By
analogy with the Taylor-Bishop-Hill modelling of
Lister & Hobbs (1980, figs. 8 & 9) this could
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indicate that the difference in opening angles
between the Allt nan Sleach and Stack of Glencoul
mylonites, might be at least partially due to a differ-
ence in 3D strain type. However, as discussed
above, the higher deformation temperatures inferred
from fabric opening angles are compatible with the
observed difference in recrystallization regimes in
the two sets of mylonites.

Fannich Forest and area SE of Glen

Carron: Moine Thrust and Sgurr Beag

thrust mylonites

Fannich Forest. Mylonites associated with the
Moine and Sgurr Beag thrusts in the Fannich
Forest area to the south of Ullapool (Figs 1 & 2)
have been described by Kelley & Powell (1985).
Here high strain rocks associated with the Sgurr
Beag thrust are typically L . S tectonites (as orig-
inally described by Peach et al. 1913b; see earlier
section of review) with a strongly developed
SE-plunging mineral lineation (Fig. 5a). Kelley &
Powell (1985) documented a progressive high temp-
erature ductile flattening of quartz, feldspar and
mica grain shapes traced westwards in to the Sgurr
Beag high strain zone and development of asym-
metric single girdle quartz c-axis fabrics indicating
a top to the NW shear sense. Folds that deform the
Sgurr Beag high strain zone are curvilinear (Sutton
& Watson 1954) and traced westwards become
tighter with their axial planes progressively flatten-
ing in to the gently SE-dipping foliation of the
underlying Moine Thrust mylonites. Fold hinges
define a 1808 spread within a gently SE-dipping
great circle distribution, but cluster close to the
ESE-plunging mineral lineation in the Moine mylo-
nites (Kelley & Powell 1985). Shear bands in
the Sgurr Beag high strain zone indicate a top to
the NW shear sense and initiated above the biotite
isograd, but replacement of biotite by chlorite in
later shear bands indicates a progressive decline in
temperature during shearing. Shear bands are devel-
oped at a wide range of scales (mm-metre) in the
Moine mylonites, become more pervasive traced
towards the west, and also consistently indicate a
top to the WNW shear sense which is confirmed
by asymmetric single girdle quartz c-axis fabrics
(Kelley & Powell 1985). Biotite is replaced by
green biotite and chlorite in the mylonites and orig-
inal garnet in the early high grade non-mylonitic
rocks to the east is altered to partially chloritized
augen in the mylonites. Dynamic recrystallization
of quartz to a 20–50 micron grain size in the
Moine mylonites is dominantly by sub-grain
rotation rather than higher temperature grain bound-
ary migration seen in the Sgurr Beag high strain
zone (Kelley & Powell 1985).

Field and microstructural evidence in the
Fannich Forest area clearly indicate that the Moine
Thrust mylonites are younger than the Sgurr Beag
high strain zone (Kelley & Powell 1985; see also
S. P. Kelly in Mendum et al. 2009, pp. 486–494).
K–Ar mica cooling data indicate that early ductile
movement on the Moine Thrust mylonites com-
menced at around 440–435 Ma and continued to
at least 422 Ma (Kelley 1988). These data suggest
that caution should be exercised in interpreting
lineation maps for the Moine Nappe (e.g. Fig. 5a),
as at least in the Fannich Forest area it can be
demonstrated that the ESE-plunging lineation and
associated foliation adjacent to the Moine Thrust
is younger than the SE-plunging lineation at
higher structural levels further to the east.
However, to what extent these domains were pro-
duced by temporally discreet, as opposed to pro-
gressive, deformation seems uncertain.

SE of Glen Carron. The quartz and mica petrofab-
rics of Moine and Lewisian rocks located to the
SE of Glen Carron have been described in the PhD
thesis by Langford (1980). This area is bounded to
the NW and N by the Lochcarron and Coulin
Forest areas previously described by Johnson
(1955, 1957, 1960) and to the SE by the Loch
Monar area previously described by Ramsay
(1957); see Figures 1 and 2. Petrofabric data in
this study was exclusively obtained by universal
stage work, and the data were plotted in a sample-
based coordinate system. However, from sample
to sample the data are presented on a range of pro-
jection planes, some orientated perpendicular to
foliation and either perpendicular or parallel to the
dominant mineral lineation (L2) in the area, while
in other samples the data are presented on projection
planes which are oblique to both foliation and linea-
tion. No attempt was made to interpret the quartz
c-axis fabric data in terms of shear sense or 3D
strain type (e.g. flattening, plane strain) by compar-
ing the measured data with either experimental
(e.g. Tullis et al. 1973; Tullis 1977) or numerical
modelling (e.g. Hobbs et al. 1976; Lister et al.
1978; Lister & Williams 1979) results that had
been published by the mid–late 1970s.

The quartz c-axis fabric data described by Lang-
ford (1980) are very similar to fabrics previously
described by Johnson (1955, 1957, 1960) in the
adjacent Lochcarron and Coulin Forest areas and
by Ramsay (1957) in the Loch Monar area. Cross-
girdle c-axis fabrics appear to be the dominant
fabric type in the samples analysed by Langford
(1980), the two girdles intersecting in the foliation
at right angles to the L2 lineation. These seem to
be mainly Type II cross-girdle fabrics (cf.
Fig. 10d). In the area described by Langford
(1980) the L2 lineation changes from an ESE to a
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SSE trend traced towards the southeast (cf. Fig. 5a).
Single girdle c-axis fabrics are less common; they
also intersect foliation at right angles to the L2 linea-
tion, but are inclined to foliation with the sense of
asymmetry indicating a top-to-the-WNW–NNW
shear sense. The geometric relationship between
the c-axis fabrics and the dominant L2 mineral linea-
tion in this area indicates that the lineation has
developed parallel to the maximum principle finite
strain direction. Dating of these deformation
fabrics remains problematic however. In the original
work on the Lochcarron, Coulin Forest (Johnson
1955, 1957, 1960) and Loch Monar (Ramsay
1957) areas, this prominent lineation was ascribed
to a D1 deformation event. Later recognition of an
earlier (S1) foliation and rare related microstruc-
tures, however, has resulted in these lineations and
associated folds being reinterpreted as D2 structures
(e.g. at Loch Monar–Mendum et al. 2009, pp. 366–
367, 494). As noted above, in the Fannich Forest
area to the north (Figs 2 & 5a) Kelley & Powell
(1985) have argued that penetrative deformation in
the Moines adjacent to the Moine Thrust is younger
than deformation further to the east; see also discus-
sion by Butler (2010b) on use of D numbers in thrust
belts where deformation is diachronous.

Garve–Dornoch Firth and Strath Halladale

areas: Sgurr Beag thrust and Skinsdale

thrust mylonites

Garve–Creich Peninsula, Dornoch Firth. Mylo-
nites and high strain rocks associated with the
Sgurr Beag thrust in the Garve and Dornoch Firth
areas to the east of Fannich Forest (Figs 1 & 2)
have been described by Grant & Harris (2000).
The Creich Peninsula on the Dornoch Firth marks
the most northerly known exposure of the Sgurr
Beag thrust. The Naver thrust (see earlier section
on the Eriboll–Ben Hope–north coast region) was
originally thought to be the northern extension of
the Sgurr Beag thrust (Strachan & Holdsworth
1988; Strachan et al. 2002, p. 124). More recently,
however, Kocks et al. (2006) have suggested that
the Skinsdale thrust (see below) may mark the
northern continuation of the Sgurr Beag thrust.

Both quartz and feldspar undergo dynamic
recrystallization traced towards the Sgurr Beag
thrust in the Garve and Dornoch Firth areas
(Grant & Harris 2000) indicating minimum defor-
mation temperatures of 450–500 8C (see review by
Passchier & Trouw 2005, pp. 58–59, 260). However,
microstructural shear sense indicators are rare in
these high temperature tectonites. In the Garve area
the dynamically recrystallized quartz grains locally
define either asymmetric single girdle c-axis fabrics
indicating a top to the NNW shear sense or

symmetric Type 2 cross-girdle fabrics with Y-axis
point maxima (Grant & Harris 2000). The opening
angles of these cross-girdle fabrics indicate defor-
mation temperatures of c. 400–500 8C using the
thermometer of Kruhl (1998), but microstructural
evidence suggests (Grant & Harris 2000) that
these quartz fabrics probably developed during ret-
rogression of earlier higher temperature fabrics.
Opening angles in weakly defined cross-girdle
fabrics at the Dornoch Firth locality indicate defor-
mation temperatures of c. 500–550 8C which is con-
sistent with the amphibolite facies deformation
conditions inferred by Grant & Harris (2000).

Strath Halladale. Mylonites and high-strain rocks
associated with the Skinsdale thrust have recently
been described by Kocks et al. (2006). Dynamic
recrystallization of feldspar within a 300 m thick
zone of platy blastomylonitic Moine metasedimen-
tary rocks indicates that D2 motion on the Skinsdale
thrust was at minimum deformation temperatures
of 450–500 8C, approximately equivalent to upper
greenschist–lower amphibolite facies conditions.
Asymmetric feldspar porphyroclasts indicate a top
to the NW to WNW shear sense parallel to the
SE- to ESE-plunging L2 mineral lineations
(Fig. 5a). The Strath Halladale Granite is interpreted
by Kocks et al. (2006) as being intruded as a series
of sheets during late stage D2 motion on the Skins-
dale thrust. High- to moderate-temperature (700–
500 8C) solid-state overprinting of an initial mag-
matic fabric is indicated by: 1) chessboard extinc-
tion patterns in quartz grains indicating prism slip;
2) development of myrmekite at feldspar-quartz
grain boundaries; and 3) local grain boundary
migration controlled recrystallization of feldspar
(Kocks et al. 2006). High temperature C–S fabrics
associated with these microstructures, and presum-
ably developed during solid state cooling of the
pluton, indicate a top to the west or NW shear
sense. Kocks et al. (2006) obtained a U–Pb
monazite age of 426 Ma on the Strath Halladale
Granite, demonstrating that D2 motion (associated
with SE- to ESE-plunging lineations) on the Skins-
dale thrust was of Scandian age. However, outside
of this Scandian shear zone penetrative deformation
associated with north–south trending mineral linea-
tions in the hanging wall and footwall to the Skins-
dale thrust (Fig. 5a) is still considered to be of
Grampian (i.e. Ordovician) age (R. Strachan pers.
comm. 2009).

Mylonites at the southern end of the

Moine Thrust zone

Sleat of Skye. The microstructures and quartz c-axis
fabrics of the Moines Schists and underlying
rocks of the Tarskavaig Nappe exposed on Skye
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(Figs 1 & 2), commonly referred to as the Tarska-
vaig Moines, have been described by Law & Potts
(1987). A summary review of the structure of the
Tarskavaig Nappe has recently been published by
R. F. Cheeney & M. Krabbendam (in Mendum
et al. 2009, p. 341–345). As outlined in an earlier
section of our review, single girdle quartz c-axis
fabrics in the Moine and Tarskavaig nappes on
Skye were interpreted by Phillips (1939) as indicat-
ing tectonic movement from the SW and SE respect-
ively. This interpretation was based on the premise
that single girdle fabrics developed parallel to tec-
tonic transport (cf. Fig. 6) and that the Moine and
Tarskavaig nappes were characterized by NE–SW
and NW–SE trending single girdles, respectively.
If real, these NE–SW and NW–SE trending
single girdles would now be interpreted as indicat-
ing NW–SE and NE–SW trending maximum prin-
cipal extension in the Moine and Tarskavaig nappes,
respectively (cf. Fig. 7). However, the Tarskavaig
nappe is folded about the south-plunging Tarska-
vaig synform and mineral elongation lineations
trend SE and north–south on the western and
eastern limbs of the synform respectively. Law &
Potts (1987) demonstrated that unfolding of the
Tarskavaig synform restores lineations on the two
limbs to a common SE plunge, parallel to lineation
in the overlying Moine Nappe.

Law & Potts (1987) measured asymmetric single
and cross-girdle c-axis fabrics on the limbs of the
Tarskavaig synform that were orientated perpen-
dicular to the local penetrative mineral lineation.
Unfolding about the hinge of the Tarskavaig
synform restores these fabrics to a geographic orien-
tation identical to that seen in cross-girdle fabrics
from the overlying Moine Nappe, the asymmetric
fabrics in all cases indicating a top to the NW
shear sense (Law & Potts 1987). Thus, once later
folding is taken in to account, c-axis fabrics in
both the Tarskavaig and Moine Nappes are compa-
tible with NW overthrusting, although symmetric
cross-girdle fabrics in the central part of the Tarska-
vaig nappe may indicate a greater component of
coaxial (pure shear) strain.

The problem with the original work described by
Phillips (1939) was not in the actual measurement of
the c-axis fabrics, but that: 1) he did not take in to
account later refolding of the Tarskavaig nappe;
and 2) he assumed that his single girdle fabrics
developed parallel to tectonic transport (orthodox
interpretation) rather than perpendicular to the prin-
cipal extension direction (revised interpretation); cf.
Figures 8 and 10.

Rhue fault zone – Morar Peninsula. This complex
of mylonitic shear zones cutting the Moine Schists
and located some 10 km to the SE of the supposed
extension of the Moine Thrust zone off the Sleat

of Skye (Figs 1 & 2) has been described by Powell
& Glendinning (1990). Within this 5–15 m
wide shear zone complex individual mylonitic
shear zones dip moderately to the east and contain
a down-dip stretching lineation. Shear bands in the
mylonite indicate an early variably preserved
phase of top to the west motion (thrust sense) fol-
lowed by a dominant phase of top down to the east
(normal sense) motion. These shear bands are devel-
oped at the millimetre–metre scale and divide the
shear zone complex into a series of lozenges. The
early thrust-related shear bands developed at
biotite grade, while the later top down to the east
(extensional) shear bands developed at chlorite
grade (Powell & Glendinning 1990).

Quartz veins caught up in these shear band
lozenges are plastically deformed with intense
ribbon grain formation and limited dynamic recrys-
tallization (Powell & Glendinning 1990) by what
appears to be sub-grain rotation. Microstructures
in the deformed quartz grains look very similar to
those described in an earlier section of our review
from Cambrian quartzite in the footwall to the
Moine Thrust at the Stack of Glencoul, suggesting
similar deformation conditions. Strain increases as
these quartz veins are traced in to the shear bands
and is accompanied by a transition from cross-
girdle to single girdle c-axis fabrics (Powell &
Glendinning 1990).

From regional structural correlations, Powell &
Glendinning (1990) argued that both the compres-
sional and extensional phases of motion on the
Rhue fault zone must be of late Silurian (i.e. Scan-
dian) or younger age. The Rhue fault zone is the
first unequivocal on-land record of late Caledonian
ductile extensional movements at mid-crustal
levels in the Northern Highlands, but it’s along
strike extent remains unknown. Powell & Glendin-
ning (1990) suggested that a switch over from com-
pressional to extensional tectonics occurred at
between 422 Ma, the time at which compressional
movement on the Moine Thrust zone ceased
(Johnson et al. 1985; Kelley 1988; but see also
Freeman et al. 1998), and 400 Ma (locally the
youngest cooling ages).

Concluding thoughts

In our review we have attempted to track micro-
structural and crystal fabric research in NW Scot-
land from the 1880s through to the present day.
Some important advances have been made during
this 130-year time period. However, our review
also indicates several cases where early work in
the 1880s was closer to our current understanding
of specific structural/tectonic processes than
interpretations made in the 1930s–1960s.
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For example, in the early 1880s Geikie (1884)
interpreted the penetrative ESE-plunging mineral
lineation in the Moine Thrust mylonites as develop-
ing parallel to tectonic transport. From the
mid-1930s to mid-1960s interpretation of these
mineral lineations, and the quartz c-axis fabrics
associated with them, would be tied to the concept
of a tectonic cross in which mineral lineation devel-
ops perpendicular to transport and the associate
single girdle c-axis fabric develops parallel to trans-
port. This led directly to Frank Coles Phillips’
interpretation of the remarkably constant orientation
Moine quartz fabrics indicating that deformation in
the Moines was associated with pervasive NE–SW
directed motion that was earlier than, and totally
unrelated to, Caledonian age motion on the under-
lying Moine Thrust zone. Similarly, fold hinges
locally orientated parallel to the ESE-plunging
mineral lineation in the Moine Thrust mylonites
would be used in the 1950s and 1960s by some,
but not all, workers to argue that the Moine Thrust
mylonites developed during NE–SW directed
strike slip motion rather than WNW thrusting as
suggested by the Victorian geologists. It would not
be until the 1970s–early 1980s that a convergence
of field studies, strain theory, experimental defor-
mation and numerical modelling of crystal fabric
development, together with a new appreciation of
shear sense indicators, would demonstrate that the
pervasive ESE–SE plunging mineral lineation and
associated quartz fabrics in the Moine Thrust
mylonites and overlying rocks of the Moine Nappe
are associated with WNW directed thrusting. It
would not be until the late 1990s–mid-2000s that
accumulating isotopic dating evidence would
demonstrate that this penetrative deformation in
the Moine Nappe is most likely of Caledonian
(Scandian) age.

Additionally, there have also clearly been
some cases of ‘rediscovering the wheel’ in terms
of interpreting microstructures. For example, the
Victorian geologists such as Callaway, Bonney,
Lapworth and Teall were clearly aware of the con-
trasting plastic and brittle behaviour of quartz and
feldspar in the Moine Thrust zone mylonites. Teall
in particular was generations ahead of his time
when he contrasted the brittle behaviour of feldspar
in the Moine Thrust zone mylonites with the
plastic deformation of feldspar in shear zones that
cut the Lewisian of the foreland, reasoning that the
shear zones in the foreland must be associated
with deeper crustal processes than the Moine
Thrust zone mylonites. Similarly Victorian geol-
ogists such as Bonney and Teall were clearly
aware that quartz grain size reduction in mylonites
may occur by processes that we would now refer
to as dynamic recrystallization, rather than by
brittle fracture. With only a few exceptions, these

subtleties were lost on later generations who
implicitly seem to have regarded mylonite for-
mation as primarily involving brittle fracture. It
was not until the late 1960s–mid-1970s that con-
cepts developed in metallurgy, coupled with
insights from rock deformation experiments, would
lead to a renaissance in using microstructures as
indicators of deformation mechanisms. From theor-
etical and experimental studies it was then a rela-
tively straight-forward step to begin inferring
deformation conditions, such as varying tempera-
ture and strain rate, from these microstructures.
However, study of the 1907–1913 Survey memoirs
indicates that the Survey geologists, probably
strongly influenced by Teall, were at least qualitat-
ively well aware of the significance of the micro-
structures in their thin sections in terms of
deformation conditions.

So where have significant advances been made
since publication of the early Survey memoirs on
the NW Highlands and subsequent work up until
say the mid-1960s? Arguably microstructural and
crystal fabric analyses, and particularly tectonic
interpretation of the resulting data, have been put
on a much firmer scientific footing since the mid–
late 1970s through integration with a wide range
of experimental and numerical modelling studies.
The use of thin sections cut parallel rather than per-
pendicular to lineation has resulted in a paradigm
shift in using microstructures and crystal fabrics as
shear sense indicators. Quartz fabric data, such as
the c-axis fabrics generated by Phillips in the
1930s, are now known to indicate a remarkably
homogeneous kinematic picture, despite locally
complex folding, suggesting a regional scale hom-
ogeneity of penetrative deformation associated
with NW to WNW directed thrusting in the Moine
Supergroup and underlying Moine Thrust zone
mylonites. These fabric data confirm that the
simple pattern of L2 mineral lineations in the
Moine Supergroup and thrust zone mylonites
(Fig. 5a) do reflect the regional pattern of principal
maximum principal extension directions, although
they may well have developed diachronously
during progressive Scandian deformation.

Starting in the mid-1950s it was realized that
symmetric quartz c-axis fabrics may indicate that
deformation associated with mylonite generation
had departed from strict simple shear associated
with thrusting, and potentially involved significant
vertical shortening associated with gravity loading.
This was put on a firmer, although still qualitative,
basis in the 1980s when it was demonstrated that
fabric asymmetry locally varied with structural pos-
ition. Symmetric fabrics indicating approximately
coaxial (pure shear) deformation associated with
vertical shortening were recorded within the thrust
sheets, while asymmetric fabrics recorded close to

MICROSTRUCTURES AND CRYSTAL FABRICS OF THE MOINE THRUST ZONE 493



thrust contacts indicated a dominance of simple
shear that must be either contemporaneous with or
later than the coaxial deformation. These qualitative
kinematic interpretations are currently being put on
a more quantitative footing through application of
vorticity analysis techniques developed in the
1990s, and integration of vorticity and strain data
to estimate vertical shortening and transport parallel
extension associated with thrusting. Quartz c-axis
fabrics and recrystallization microstructures are
currently being used as deformation thermometers
and are providing new insights on how deformation
temperatures vary with structural position at a
regional scale within the Moine Thrust mylonites
and overlying Moine Nappe. As with microstruc-
tures-based palaeostress analyses, however, calibra-
tions will almost certainly change as new data
becomes available.

Where should microstructural and crystal fabric
work in the NW Highlands go from here? Since
the 1950s work has primarily focused on the greens-
chist, anchizonal rocks of the Moine Thrust zone
with less attention being paid to the higher grade
overlying nappes of the Scandian orogenic wedge.
And yet, as originally commented on in 1913 by
the original Survey geologists, the Moine Thrust
zone represents only a marginal phase in compari-
son with deformational and metamorphic processes
occurring in the main overlying orogenic wedge to
the east. Understanding the tectono-thermal evol-
ution of the orogenic wedge as an integrated
system requires that more attention be paid to the
metasedimentary rocks of the Moine and overlying
nappes. As in other orogenic belts, microstructural
and crystal fabric work can make important contri-
butions here. For example, the well known inversion
of metamorphic zones within the Moine Super-
group, traced eastwards from the Moine Thrust
zone in to the structurally higher nappes, is mirrored
in both increasing opening angles of the quartz
c-axis fabrics measured by Phillips (1937) and
Crampton (1955) and a marked change in topology
of the quartz fabrics, indicating activation of higher
temperature slip systems. The deformation tempera-
tures estimated from these opening angles (Law &
Johnson unpublished data) are generally in close
correspondence with temperature ranges indicated
by associated metamorphic mineral assemblages,
where present, suggesting that penetrative defor-
mation has occurred at close to peak metamorphism.
Microstructures and crystal fabrics can potentially
supply important information on deformation con-
ditions where appropriate metamorphic mineral
assemblages have not developed, which is a
common problem in the Moine Nappe, thereby con-
tributing to the data base on structural and thermal
evolution of the Scandian orogenic wedge in NW
Scotland.
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geologischen Körper. I. Allgemeine Gefügekunde und
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Abstract: Eriboll has been an important area in understanding the geology and structure of the
NW Highlands of Scotland. It came to prominence during the Highland Controversy between
Nicol and Murchison in the 1850s. Nicol recognized a major regional, or grand, dislocation (the
Moine Thrust Zone) at Eriboll whereas Murchison denied its existence. An important element in
the resolution of the controversy was the repeated observation of a distinctive schistose rock
that often marked Nicol’s dislocation. Lapworth named it a ‘mylonite’ and related its development
to mechanical metamorphism resulting from tectonic (milling) movements along the dislocation.
Peach, Horne and co-workers, whose contributions to early mylonite studies are often overlooked,
described the effects of increasing strain on mylonite development, recorded the prominent linea-
tion within mylonites and identified its kinematic significance via thrust geometries and a first use
of shear sense indicators. In this contribution those elements of the Highland Controversy that led
to the identification of mylonites will be reviewed, concentrating on the contributions of Lapworth
and of Peach, Horne and co-workers. It will include an examination and discussion of the mylonites
from Lapworth’s locality and of the mylonitized Moine schists at Eriboll. It will conclude with
comments on mylonite classification and nomenclature.

The first use of the term ‘mylonite’ was by Lapworth
(1885a) for a distinctive suite of foliated rocks that
he observed associated with a major overthrow fault
(thrust) at Ben Arnaboll in the Eriboll area of NW
Scotland (see Figs 1 & 2). The overthrow fault
had been first identified by Nicol (1860) as a
major regional or grand dislocation in rocks that
Murchison (1858a, b) had described as a continuous
succession of Silurian sediments albeit the farther
one went to the east the more metamorphosed the
sediments became. The grand dislocation mapped
by Nicol (1860) would become known as the
Moine Thrust Zone (Fig. 1). However, this was
after it had become the focus for the Highland Con-
troversy (Oldroyd 1990). It should be remembered
that in the mid-19th century, geologists used the
term ‘dislocation’ as we would use ‘fault’ today
(see the textbooks by Page 1870, 1877).

The Highland Controversy arose from the con-
flicting views of Murchison and Nicol. It formed
the third of the three controversies involving Murch-
ison that contributed to the founding of modern
British geology. All centred on the assignment of
rocks to Murchison’s Silurian System (Murchison
1839, 1854). The disputed position of the upper
boundary of the Silurian System led to the con-
troversy between Murchison and de la Beche
(Rudwick 1985) and of the lower boundary to the
controversy between Murchison and Sedgwick
(Secord 1986); both have also been reviewed by
Bassett (1991). For the purposes of this paper it is

worth recalling that through Lapworth’s attention
to the Murchison–Sedgwick controversy, there
arose the Ordovician System (Lapworth 1878,
1879) and, of importance to structural geology, the
introduction of detailed regional structural mapp-
ing at the scale of six inches to the mile, using
Ordinance Survey maps as a base (see below).

The geo-political aspects of the Highland Con-
troversy have been detailed by Oldroyd (1990).
Pertinent geological aspects will be reviewed
briefly in this article. Attention will be given to the
rock that Nicol had noted commonly occurred
between the overlying eastern gneisses (Moine
schists in modern terminology) and the underlying
quartzite- limestone sequence (Cambro–Ordovician
sediments) which, at Eriboll, unconformably over-
lay the western or Hebridean (Lewisian) gneisses.
Although we now know that this rock is a tectoni-
cally emplaced sliver of Lewisian gneiss, its
origin, the deformation induced textural and petro-
logical changes within it and its structural position
were the bases for critical arguments that ended
the Highland Controversy. From studies of this
rock, there emerged an appreciation of the effects
of deformation on rocks and this, in turn, led to
the identification of a mylonite, and a first appreci-
ation of the deformation and metamorphic processes
that can produce a mylonite. The contributions of
Lapworth (1883, 1884, 1885a, b) and of Peach &
Horne (1884, 1885), together with other members
of the British Geological Survey team (Peach

From: LAW, R. D., BUTLER, R. W. H., HOLDSWORTH, R. E., KRABBENDAM, M. & STRACHAN, R. A. (eds) Continental
Tectonics and Mountain Building: The Legacy of Peach and Horne. Geological Society, London, Special Publications,
335, 505–542. DOI: 10.1144/SP335.22 0305-8719/10/$15.00 # The Geological Society of London 2010.
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et al. 1888) led to the structural unravelling of the
Eriboll area and the subsequent closure of the
Highland Controversy.

The above research also revealed the important
role that mylonites can play in the structural evol-
ution of a highly deformed area and laid the foun-
dations for our understanding of how rocks deform
to large strains within shear zones during a natural
deformation. These are the topics reviewed in this
contribution and which will include a look at the
mylonites from Lapworth’s locality at Ben Arnaboll
and from within the nearby Moine schists; both in
the Eriboll area (see Fig. 2). This article will con-
clude with comments on mylonite nomenclature
and classification.

Geological observations leading to the

Highland Controversy

Murchison first went to the NW Highlands with
Sedgwick in 1827 (Murchison 1858b). He returned
to the area in 1855 accompanied by Nicol (Nicol
1856). Initial harmony between Murchison and
Nicol was replaced by controversy which resulted
in both going their separate geological ways. Nicol

published his interpretations of the geology of the
NW Highlands in 1856 (Nicol 1856), his map in
1858 (Nicol 1858) and the structure of the area in
1860 (Nicol 1860).

Murchison gave a summary of his findings in an
abstract published in early 1858 (Murchison 1858a)
and published his detailed interpretations later that
year (Murchison 1858b). His findings were best
summarized in a cross-section corresponding to
the northern coastline of Scotland. He showed a
continuous section of lower Silurian sediments over-
lying red sandstones and conglomerates, which he
thought were Cambrian, or elsewhere overlying the
basement (western) gneisses in the west, and being
overlain by the Devonian Old Red Sandstone in the
east. Murchison noted that his Silurian sequence
became metamorphosed to the east. He argued that
the contact between the non-metamorphosed and
metamorphosed sediments was a conformable sedi-
mentary contact with the increase in metamorphic
grade being due to the heating induced by intrusions,
many of which were conformable. He explained the
foliation in the upper (eastern) gneisses as being

nothing more than the original laminae of deposit
under water . . . which have been so altered as often
to segregate in one layer more mica, more sand or
clay, thus evolving feldspathic, quartzose and mica
crystalline laminae (Murchison & Geikie 1861b).

In contrast, Nicol thought the contact was tectonic.
Murchison had knowledge of the contents of

Nicol’s 1860 paper for in his diagrammatic cross-
section from Eriboll to Tongue (Murchison 1858b)
he noted that Nicol had observed a band of porphyry
along the contact between the non-metamorphosed
quartzite-limestone sequence and the upper meta-
morphics (upper or eastern gneisses). He also
knew that Nicol considered that the contact was
the site of a grand dislocation, that is, the juxtaposi-
tion was, according to Nicol, tectonic and not
sedimentary. Murchison did not deny the existence
of a dislocation or dislocations along the contact
between the quartzite-limestone sequence and the
upper gneisses. He recorded that stratified rocks
associated with the contact were ‘highly altered
and dislocated’ and that syenitic and porphyritic
rocks ‘protruded’ from the contact zone (Murchison
1858b, figs 1 & 8). He regarded the alteration, the
dislocations and the presence of igneous rocks
along the contact as being local phenomena that
had not affected the stratigraphic order and this
formed the basis for his rejection of Nicol’s proposal
that the contact was tectonic. Murchison went on to
refute Nicol’s interpretation strongly in a footnote
in his 1858 paper (Murchison 1858b) and continued
this refutation in three papers published both before
(Murchison 1859) and after (Murchison & Geikie
1861a, b) the publication of Nicol’s 1860 paper.
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Fig. 2. A sketch map of the Eriboll area, as indicated in
Figure 1, showing the position of the Moine Thrust Zone,
Achiniver (Halfway House) Thrust (Slide), and the Ben
Hope Slide (Thrust). E, Eriboll; H, Heilam; BA, Ben
Arnaboll; T, Talmine; M, Melness; K, Kyle of Tongue.
(Supplied by Ryan Thigpen, based on Krabbendam et al.
2008, also see Thigpen et al. 2010.)
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Nicol (1860) concluded that ‘the line of junction,
where this conformable succession is said to
occur, is clearly a line of fault, everywhere indicated
by proofs of fracture, contortion of the strata, and
powerful igneous action’. His section from Loch
Eriboll, via Heilam, to Loch Hope (see Fig. 2 for
locations) shows an intrusive rock along the
contact at Ben Arnaboll and he recorded that in
places it appeared to be a granite, a feldspar por-
phyry or diorite, finally settling on the term ‘granu-
lite’. He noted (Nicol 1860) that Cunningham in his
1839 paper thought that this rock was a gneiss. Nicol
(1860) went on to say that the western gneiss was
repeated in the eastern gneisses, but possibly
because of its tectonically induced alteration and
textural modification, he did not associate the gran-
ulite with the western gneiss. He also observed, in
the vicinity of Eriboll farm, overturning of the
quartzite-limestone sequence under the eastern
schists and recorded that a relationship between
synclines and faults (‘faulted synclinals’) was a
common feature in Sutherland and which often led
to a repetition or deletion of stratigraphy.

Nicol (1860) traced the faulted contact between
the quartzite-limestone sequence and the upper or
eastern gneisses from Whiten Head in the north
through Eriboll to Glencoul and Assynt, on to
Graig-a-Chnockan (Knockan), Ullapool, Loch
Maree and onward to Loch Carron and Skye (see
Figs 1 & 2), that is, for over 100 miles. He referred
to the faulted contact as ‘a grand dislocation’. Nicol
was unsure of the age of the upper gneiss but specu-
lated that it could, in part, be similar to the western
gneiss. Irrespective of its age, Nicol concluded that
the upper gneiss had been forced up and over the
quartzite-limestone sequence during a violent con-
vulsion and noted that the sections produced ‘are
clear and simple and quite analogous to those pro-
duced in other mountain-regions’ (Nicol 1860).
He went on to liken the process to that which
formed the Alps (Nicol 1860), quoting that ‘the
strata had been inverted, not by frequent folds but
in one enormous overthrow, so that over a wide
horizontal area, the uppermost strata’ which may
have been folded ‘were covered by the lateral extru-
sion over them of older and more crystalline
masses’. The words which he quoted were from
Murchison’s extensive paper on the structure of
the Alps (Murchison 1848). The enormous over-
throw, that Murchison had figured and described
in that paper, was the Glarus Thrust (see review
by Bailey 1935). It would appear that Murchison
was either unable to see the structural similarities
between the Alps and NW Scotland, a point also
made by Bailey (1935), or was unable to admit he
had been checkmated by Nicol.

Murchison revisited much of the NW Highlands
in the company of Ramsay in 1859 and showed that

an intrusive rock was frequently associated with the
contact between the quartzite-limestone sediments
and the overlying flaggy or gneissose (eastern)
schists (Murchison 1859). He demonstrated this
association in a sketched section across the Ben
Arnaboll area at Eriboll (Murchison 1859, fig. 10).
Murchison concluded that ‘no great line of dislo-
cation separates the upper quartzites and limestones
from the so-called gneiss’. Murchison (1859) did
not say that there was no dislocation separating
the quartzites and limestones from the gneiss but
that there was ‘no great line of dislocation’ of the
type that would affect his order of stratigraphy.

Murchison extended his fieldwork to the south
in the following year but was accompanied not by
Ramsay, who had taken ill, but by Geikie (Geikie
1924). Geikie (1924) wrote that he was unexpect-
edly called, in the autumn of 1860, from his field
mapping in East Lothian to join Murchison as a
replacement for Ramsay. Although Geikie felt that
he was ill-equipped to work among the crystalline
schists he accepted Murchison’s invitation. Accord-
ing to Geikie the purpose of the field work was to
continue Murchison’s identification of Silurian
rocks to areas of the Highlands that Murchison
had not visited (Geikie 1924), although, as will be
discussed below, Nicol’s dislocation was on Murch-
ison’s mind. The time spent in the Highlands in
1860 had a significant social element as Murchison
renewed old acquaintances (see Geikie 1924).

One reason for Murchison to select Geikie was
Geikie’s knowledge of the geology of the southern
areas of Scotland (see Murchison in Murchison &
Geikie 1862). By pooling their combined knowl-
edge, they were able to produce their geological
map of Scotland (Murchison & Geikie 1862)
four years after Nicol’s map appeared (Nicol
1858). It should not be forgotten that the six inch
to the mile Ordnance Survey maps for much of the
southern part of Scotland were published during
the 1850s (see Fleet & Withers 2008) enabling accu-
rate regional mapping to be undertaken. Geikie
started mapping in the Mid and West Lothian and
Edinburghshire areas in 1855 using the earliest
Scottish Ordnance Survey maps (Geikie 1924)
which were published in 1854 (see Fleet &
Withers 2008). Initially there were only two geo-
logists in the Edinburgh office of the Geological
Survey, Geikie and one other who was mapping
the Mid Lothian and Fife coalfields. When the coal-
fields project was completed, Geikie became the
sole representative of the Geological Survey in
Scotland for some time (Geikie 1924). Another
reason for Murchison selecting Geikie may well
have been that he was the only Scottish geologist
available. As Geikie (1924) remarked, the choice
of his initial mapping areas were defined by the
presses of the Ordnance Survey. He added that
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winter did not interfere with mapping until 1858
when he began to spend a part of each winter in
the London office drafting his maps; he had no draft-
ing support in Edinburgh. By the time Geikie
received his call from Murchison in 1860, he
would have been the most experienced geologist
in the Survey with respect to detailed regional
mapping in Scotland. Ordnance Survey maps (six
inch scale) were not available for the Highlands
and Islands until c. 1880 with contoured maps, at
the one inch scale, following soon after (see Fleet
& Withers 2008). The exceptions were those maps
covering Lewis; the six inch scale maps were
published in 1854 and the one inch scale in 1858.
Consequently, regional field work in the Highlands
prior to 1880 was of a reconnaissance nature with
reliance on sketches and sections and this is what
Murchison and Geikie undertook in 1860.

It is interesting to note that, as a result of their
field studies in 1860, Murchison & Geikie (1861a)
did show a serpentinous and a feldspathic rock
lying along the junction between the limestone
and the overlying flaggy schists at the base of the
eastern gneisses. Murchison named the lower
gneiss ‘Lewisian’ and again argued that this was
not repeated in the flaggy schists as suggested by
Nicol (Murchison 1859; Murchison & Geikie
1861a). Murchison continued his attack on Nicol’s
work with his firm statement that the quartzite-
limestone and upper (eastern) gneisses form a
‘regular and unbroken ascending order’ and that
there is neither repetition within the quartzite-
limestone sequence nor Lewisian gneiss within the
upper gneisses (Murchison & Geikie 1861a).
Above all, there was no regional scale dislocation.
Not only could he (Murchison) find no evidence
for any dislocation, he stated (see appendix in
Murchison & Geikie 1861a) ‘Mr Geikie has fol-
lowed its disputed line of the junction from Suther-
land through mountainous tracts of Ross-shire for
more than sixty miles’ and in spite of many traverses
across that line, found no trace of it. It is interesting
to note that Geikie (1884) wrote that he had not seen
the Eriboll section, which was the most contentious
and most accessible in Sutherland, prior to 1884.
Geikie’s traverses, referred to above by Murchison,
were undertaken because Murchison, in 1860,
was unable to walk over rough or hilly country, a
further reason for selecting a young assistant
(Geikie 1924). Geikie’s traverses were limited to
the area between Loch Hourne and Ullapool. The
final 32 miles from Loch Maree to Ullapool were
walked across country by Geikie, accompanied by
a local guide, in a day (Geikie 1924). This walk
was repeated, in more recent times, by Butler and
colleagues (see account by Butler 2000).

At Kinlochewe, Geikie found ‘great dislocations
by which the dull red sandstone and its overlying

white quartzite were thrown into inverted
positions’. He dutifully reported his observations
to Murchison whom he recalled ‘was rather non-
plussed, but thought they were merely local
phenomena’ (Geikie 1924). Again Murchison had
dismissed evidence for Nicol’s regional dislocation
on the grounds of it being only of local significance.
Perhaps Murchison was ‘rather nonplussed’ because
Geikie was reporting that the stratigraphy was
inverted and was providing evidence that a ‘great
line of dislocation’ stretched from Eriboll to
Kinlochewe (see above); neither supported the
Murchisonian hypothesis. Years later Geikie came
to realize that his dislocations were a part of

a gigantic system of displacements, by which the whole
of the north-west Highlands have been so greatly
affected that the very bottom rocks have been thrust
up from below, and pushed for miles over some of
the younger formations (see Geikie 1924).

That is, Geikie had confirmed, in 1860, the existence
of Nicol’s grand dislocation but, possibly because
of his limited exposure to Highland geology, had
allowed himself to be convinced otherwise by
Murchison. If Geikie had stuck to his convictions,
the Highland Controversy may not have occurred;
but then Geikie may not have had his career which
would not have been to geology’s benefit. No geo-
logist was to publish on the Highland Controversy
until after Murchison’s death in 1871. Lapworth
(1885b) wrote that ‘to oppose Murchison was an
unpleasant task’, especially for academic geologists
whom Murchison regarded as amateurs (see
Oldroyd 1990; Law & Johnson 2010).

The re-emergence of the Highland

Controversy

The Highland Controversy re-opened with the paper
by Hicks (Hicks 1878) who concluded, largely
on mineralogical evidence and the distinctive
NW trend of structural elements within the lower
(Lewisian) gneisses, that such gneisses were an
important component within the eastern gneisses.
He also noted that, at Glyn Lagan (Glen Logan),
an intrusive rock (syenite) marked the contact
between the quartzite-limestone sequence and the
typical flaggy eastern gneisses and along which
Nicol had placed a fault. Although Hicks was uncer-
tain about the cause of the juxtaposition of the two
rock types, he thought the syenite was Lewisian.
He concluded that if he was correct, much of the
Northern Highlands must be Lewisian. He was
more in agreement with Nicol than Murchison.

Huddleston (1879, 1882) turned his attention to
the distinctive rock that was frequently found
along the contact between the quartzite-limestone
sequence and the eastern gneiss in the Assynt area.
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He referred to it as the ‘Logan rock’ because of its
abundance at Glen Logan and noted (Huddleston
1882) that ‘wherever there is “Logan rock” trouble
is sure to ensue’. The trouble included the repetition
of stratigraphy across it and inversion below it, plus
a tendency for the rocks above and below to be ‘tor-
tured, intensely folded, dislocated and fragmented’.
Huddleston (1879, 1882) also recorded that the
Logan rock could have many appearances ranging
from a granite or syenite or diorite, to a gneiss, to a
mica slate, to a dark green or black aphanitic rock
and concluded it was ‘an old gneiss partly invaded
by extravasated matter’ and had been crushed
during folding and dislocation. He was the first to
directly associate the modification of the texture of
a rock to the deformation induced by the movement
along the grand dislocation. He (Huddleston 1879)
recalled that an outcrop of Logan rock with a thin
capping of quartzite ‘staggered my faith in the
Murchisonian interpretation’. Bonney (1880) exam-
ined the Logan rock from Glen Logan both in the
field and in thin section. He supported Huddleston’s
initial observations and concluded that the Logan
rock was a gneiss similar to a typical Hebridean
(Lewisian) gneiss, but which had been crushed
during fault movements.

The Murchisonian hypothesis was further
weakened by Callaway who began working in the
Highlands in 1880, soon after the first Ordnance
Survey maps covering the NW Highlands became
available. The six inch Ordnance Survey maps
covering the Durness-Eriboll area were published
in 1878 (see Fleet & Withers 2008). The one inch
maps with contours followed in 1880 (Cape
Wrath) and 1882 (Tongue). It can be seen from his
regional map of the Durness area (Callaway
1881), which is reproduced in Oldroyd (1990),
that Callaway was using the six inch scale Ordnance
Survey maps of Sutherland (sheets 2, 5, 6) as a base.
Callaway returned to the Highlands for two weeks
in 1881 and two months in 1882 (Callaway 1882,
1883b). Through progress reports (Callaway 1881,
1882, 1883a) and his main paper (Callaway
1883b), Callaway established that

1. the upper (eastern) gneiss, which he thought
was Archaean, had been brought over the
‘Ordovician’ quartzite-limestone sequence by
enormous overthrows resulting from a ‘power-
ful lateral thrust from the east’;

2. the quartzite-limestone sequence underlying
the eastern gneiss is often folded back on
itself, especially in the Eriboll area but less so
in the Assynt area;

3. there is multiple repetition of the quartzite-
limestone sequence by folding and faulting,
more by the former in Eriboll and by the
latter in Assynt;

4. in the area to the north of Ben Arnaboll, the
‘quartzite, flags and dolomite occur over and
over again and in varied order, as if we had
half a dozen successions thrown pell-mell’ by
‘a confused tangle of faults, folds and over-
throws’ and was describing the classical imbri-
cate structure of this area;

5. Logan rock is usually Hebridean (Lewisian)
gneiss brought/thrust over the quartz-
limestone sequence by enormous overthrows,
the zone of overthrow can be up to one mile
wide as at Loch Glencoul.

Callaway went on to describe the process by which
overthrows and overthrusts form during lateral
thrusting. He also noted that the ‘stupendous inver-
sions and overthrows’ that characterize the NW
Highlands were similar to those from Alpine areas
as shown in the textbook that had recently been
written by Geikie (1882).

Bonney (1883) in an appendix to, and during the
discussion of, Callaway’s paper (Callaway 1883b)
noted that in part the Logan rock had the texture
of a coarse igneous rock, in part the texture of a
gneiss, but always ‘bore marks of great crushing’
which could result in it appearing as a dark schist
when adjacent a fault’. As shall be seen later,
these descriptions could equally apply to Lap-
worth’s type locality for a mylonite.

Callaway (1883b) concluded that at Eriboll, ‘the
evidence for the overthrow or overthrust of the
eastern gneiss . . . is indeed so distinct that nothing
but hastiness of most previous workers can, I
think, account for their failure to perceive the true
interpretation’. Nicol was the exception and Call-
away wrote ‘I am glad . . . to vindicate his repu-
tation’. During the discussion of Callaway’s paper,
Hicks noted that no one defended the views of
Murchison as then espoused by the Geological
Survey.

Fortunately for structural geology, Geikie, who
had now become the director of the Geological
Survey, had not, at this time, come to appreciate
the significance of his observations at Kinlochewe
in 1860 (see above section). Convinced that the
Murchisonian hypothesis was correct, he sent a
Survey team to Eriboll, under the leadership of
Peach, to start mapping the NW Highlands. His
stated aim was to prove Murchison correct (see
Geikie 1884).

Lapworth began mapping the Eriboll area in
1882. He was well aware of the shortcomings of
the Murchisonian hypothesis; he regarded Murchi-
son’s explanation for the regional metamorphism
of the eastern schists as ‘impossible and absurd’
(Lapworth 1885b). He had, by then, become the
bête noir of the Survey because of his papers on
the Southern Uplands (Oldroyd 1990). It should be
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remembered that both the six inch and contoured
one inch scale Ordnance Survey maps of the
Eriboll area had only just become available (see
above and McIntyre 1954, quoting Geikie from
the annual report of the Geological Survey for
1883) and it was no coincidence that both Lapworth
and the Survey team began detailed mapping at
about the same time. Lapworth, in the company of
Teall, met up with, and spent ‘a delightful even-
ing’ with Peach and Horne in Durness in 1883
(Teall 1918). The extent to which ideas were
exchanged during the course of the ‘delightful
evening’ is not known but some similarities,
mainly in terms used, are seen in later papers.

Eriboll mapped and the end of the

Highland Controversy

Callaway (above) had described and illustrated
the structural complexity of the Eriboll area. It was
Lapworth and, especially, the Survey team under
Peach who mapped out that complexity. An
example of Lapworth’s mapping is seen in Oldroyd
(1990). The geological map of the Eriboll area was
produced by the Survey team in 1889. The bulk of
Lapworth’s work was published in three parts
(Lapworth 1883) in which he showed that there
was definite repetition within the quartzite-
limestone sequence and, more importantly, that
elements of it were interleaved with the upper
(eastern) gneisses which he termed the Sutherland
Series. He thought that both the repetition and
interleaving were due to the effects of overthrow
folding. His final conclusion was

we have in the so-called metamorphic Silurian of the
Highlands of Scotland a portion of an old mountain
system, formed of a complex of rock formations
of very different ages. These have been crushed and
crumpled together by excessive lateral pressure,
locally inverted, profoundly dislocated and partially
metamorphosed.

He went on to show, using Alpine examples,
how this could occur, how overthrow folds could
generate overthrow faults and commented on the
importance of inward and counter thrusts in the
mountain building process. In later papers
(Lapworth 1885a, b) and in his books (Page &
Lapworth 1888; Lapworth 1899), Lapworth
brought together overthrow faults and thrusts when
he described overthrow faults as moving on thrust-
planes. It is interesting to note that Nicol, Callaway
and Lapworth had all reached the same conclusion;
namely, that the NW Highlands represented the
eroded equivalent of a modern mountain belt and
did not support Murchison’s hypothesis.

The importance of thrusting, as well as folding,
in the structuring of the NW Highlands is first

seen in the early papers of the Survey team (Peach
& Horne 1884, 1885; Peach et al. 1888) which
preceded their classical memoir (Peach et al.
1907). In the first paper, Peach and Horne showed
the combined importance of folding and reverse
faulting in the structuring of the Eriboll area. For
the first time the imbrication of the quartzite-
limestone sequence by reverse faults was clearly
demonstrated. They also showed that the imbrica-
tions were in the footwall of two major gently
dipping faults and stated that all were related to a
‘peculiar type’ of anticlinal fold with a long limb
that dipped gently to the SE and a short limb that
could dip steeply to the NW or could be vertical
or overturned to such an extent that a reverse fault
developed and brought the lower beds over higher
ones (the overfolds of Nicol, Callaway and Lap-
worth). Peach and Horne noted that such structures
occurred on all scales. They distinguished those that
culminated in a grand dislocation, such as Nicol had
proposed at Ben Arnaboll, by calling them ‘thrust-
planes’ whereas the minor ones were ‘reverse
faults’. This distinction often became blurred in
their texts (Peach & Horne 1884; Peach et al.
1888). They also noted that the emplacement of
the old (Lewisian) gneiss over the quartzite-
limestone sequence at Ben Arnaboll was by a
large asymmetric fold (overfold) whose western
limb had given way to a major dislocation or thrust-
plane (now known as the Arnaboll Thrust) along
which rocks had been ‘pushed for several miles’.
The Lewisian gneiss was bound on the underside
by an overfolded thrust-plane (Arnaboll Thrust)
and bound on the upper by an upper thrust-plane
(now known as the Moine Thrust). There had been
an extraordinary amount of displacement on the
upper thrust-plane independent of that on the
lower thrust-plane. That is, the upper thrust-plane
was younger and out of sequence. In a diagrammatic
section from Durness to Eriboll, Peach & Horne
(1884) showed, in the Ben Arnaboll area, that the
upper thrust-plane (Moine Thrust) carried an upper
nappe or thrust sheet (Moine) over a lower nappe
or thrust sheet (Arnaboll) which had already been
emplaced over the quartzite-limestone (Cambro–
Ordovician) sequence by the subsequently folded
Arnaboll Thrust. Peach et al. (1888) noted that over-
folding became less important and thrust planes
more important further to the south and that not all
folds culminated in reversed faults.

The work of Peach & Horne (1884) and Peach
et al. (1888, 1907) illustrates the value of high
quality mapping based on what is seen. Their field
data then formed the constraints for interpretation
along with a sound geological knowledge sup-
ported by laboratory observations, chiefly those of
Teall, and experiments, famously those of Cadell
which caused them to revise their order of thrust
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propagation (see Peach et al. 1907). Their emphasis
was on the factual rather than hypothetical. There is
little hypothesizing in the papers of Peach, Horne
and co-workers; an exception being their model
for metamorphism of the Moine schists (Peach
et al. 1888) which was based on the then current
hypothesis for mountain development (see below).
But unlike Nicol, Callaway and Lapworth who
quickly came to the conclusion that the NW High-
lands were the ancient equivalent to a modern
Alpine mountain belt, Peach and Horne did not do
so, in publications, until 1930 (Peach & Horne
1930). Butler (2010) demonstrates the important
role that good geological knowledge and solid
theory played in their fieldwork and its interpret-
ation. Murchison and Geikie, on the other hand,
appear to have used a preconceived hypothesis to
guide their field studies and its subsequent interpret-
ation. The prime example is the importance of the
dislocations which both had seen but subsequently
overlooked because significant displacements on
dislocations did not fit the Murchisonian hypothesis.

The maps of Peach, Horne and co-workers in the
NW Highlands are landmark contributions to struc-
tural geology; they have been used to formulate and
constrain modern models (Elliott & Johnson 1980)
and terminologies (Butler 1982a) in thrust tectonics,
and have formed the platform for further studies and
mapping along the Moine Thrust Zone (some
examples are: McClay & Coward 1981; Coward &
Kim 1981; Butler 1982a, b, 1987, 2004; Coward
1982, 1983, 1984, 1985; Coward & Potts 1983;
Holdsworth 1989, 1990; Holdsworth et al. 2007)
which have added detail but not significantly
altered the work of the Survey team led by Peach.

The only controversy created by the early
papers of Peach, Horne and co-workers (Peach &
Horne 1884, 1885; Peach et al. 1888) was political
rather than scientific. They (Peach & Horne 1884)
made no reference to earlier work. Geikie (1884)
in his introduction to Peach and Horne’s paper
made only a passing reference to Nicol and made it
appear that the Survey themselves had proved that
Murchison was wrong. This impression was
reinforced in his book (Geikie 1885) when he cast
Lapworth, Hicks and Callaway, along with Nicol,
as causes of the Highland Controversy and stated
quite clearly that it was solved by the Geological
Survey. These oversights caused furore amongst
the academic geologists (Oldroyd 1990). Horne,
during the discussion that followed the reading of
Peach et al. (1888) ‘alluded to the value of Professor
Lapworth’s work, of which they had the highest
appreciation, seeing their conclusions were practi-
cally identical’. Geikie (1893) eventually gave
equal credit to Lapworth and to the Survey geol-
ogists, all of whom were named, for the solution to
the Highland Controversy. In his presidential

address to the Geological Society on the occasion
of the anniversary of its century, Geikie (1908)
made only passing reference to the Highland
Controversy and made no mention of the Moine
Thrust Zone. Perhaps the most fulsome recognition
of Lapworth’s work is seen in the last publication by
Peach & Horne (1930) who dedicated their book
to the memory of Charles Lapworth ‘in recognition
of his brilliant contributions to Scottish geology’.

In 1885, Lapworth (1885b) published a paper
entitled ‘On the close of the Highland Controversy’
in which he observed that it was ‘a period of bitter
controversy, of estrangement of Survey men and
amateurs, of decline in geological enthusiasm’. He
went on to hope that the downfall of the Highland
Controversy ‘marks a new and happier period . . .
when all British geologists shall meet on an equal
footing, in mutual communion and sympathy’ and
that it leads to ‘scientific toleration and mutual
respect’. I think Lapworth would have been well
pleased with the Ullapool meeting.

Thrust and overthrow faults

The use of the term ‘thrust’ by the earlier workers is
interesting. The earliest mention of ‘thrust’ in the
literature relating to the NW Highlands appears to
be by Murchison (1859) when he recorded that the
metamorphic rocks at Sango Bay, near Durness,
were ‘thrust about in dire confusion’. Murchison’s
‘dire confusion’ at Sango Bay relates to a down
faulted outlier of the Moine Thrust (see Butler
2007) or a structurally lower thrust (Holdsworth
et al. 2006), carrying retrogressed Lewisian gneiss
over Cambrian quartzite. Nicol (1860) described
the fault, or grand dislocation, that emplaced the
Lewisian gneiss over the Cambro–Ordovician
sediments at Ben Arnaboll as an ‘overthrow fault’.
Both Callaway (1883b) and Lapworth (1883)
became aware that Nicol’s overthrow fault had
associated overturned folds which they referred to
as ‘overthrow folds’. Callaway (1883b) stated, and
showed, that the Lewisian at Ben Arnaboll is ‘over-
thrust’ over ‘Ordovician’ sediments by a flat lying
reverse fault. He described the process by which
this occurred as ‘lateral thrusting’. Callaway des-
cribed and figured a similar situation at Glencoul.
Lapworth (1883) illustrated how an overthrow
fault could develop from an overthrow fold. As
the overturning of the fold tightens and is accentu-
ated, ‘instead of the middle limb we now have a sur-
face of dislocation and the arch portion thrusts itself
over the trough portion’. Lapworth (1883) went on
to describe the process as ‘overthrusting’ and the
dislocation plane as an ‘upthrust’ plane which was
later to became a ‘thrust’ plane (Lapworth 1885a;
Page & Lapworth 1888). Both Lapworth and
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Callaway indicated that displacements associated
with ‘overthrusting’ could be considerable. Geikie
(1884) in his paper introducing the paper by Peach
& Horne (1884) wrote

The most extraordinary dislocations, however, are
those to which for distinction we have given the name
of Thrust-planes. They are strictly reversed faults
with so low a hade that the rocks on their upthrow
side have, as it were, pushed horizontally forward.

He neither referred to nor acknowledged the above
works of Callaway and Lapworth. In return, his con-
tempories, including Peach and Horne, do not
appear to have given any acknowledgement to
Geikie for introducing the term ‘thrust-plane’. Peach
& Horne (1884) noted that the imbricate system of
faults and folds at Eriboll ‘culminates in a great dis-
location which for convenience of description, and
to distinguish from ordinary reversed faults, may
be termed a thrust-plane’ and is basically what
Geikie is describing above. It should not be forgot-
ten that the above paper by Geikie was the result of
a short visit he made to Eriboll to check that the
field interpretations of Peach and Horne were
correct and that Murchison had been wrong. It was
made in mid- to late-October, 1884, in atrocious
weather (see Geikie 1924). Geikie’s paper and that
by Peach and Horne which Geikie requested they
write whilst in Eriboll (see Geikie 1924) appeared
in the journal Nature on 13 November 1884.

By the above reference to ‘we’, Geikie was
supposedly referring to Peach and Horne plus
other members of the Survey mapping team. This
he clarified (Geikie 1885, 1893) when he credited
the origin of the term to the Geological Survey of
Scotland. He (Geikie 1885, 1893) wrote that ‘thrust-
plane’ was a term used by the Geological Survey of
Scotland to describe ‘a remarkable type of reversed
fault, where the hade is so low that the rocks on the
upcast side have been pushed for miles horizontally
across the rocks on which they lie’. At this time
Geikie was director of the British Geological
Survey and was based in London. Perhaps he was
indicating that the definition he gave in 1884 was
a paraphrase of that being used by Peach, Horne
and co-workers.

Peach, Horne and co-workers (1884, 1888) used
‘thrust-plane’ in the above context. But they also
used it in the context of sub-horizontal displace-
ments on the vertical shears that affect the Scourie
dykes in the Lewisian foreland (Peach et al. 1888).
In that sense, they used the term ‘thrust-plane’ to
designate the plane along which movement
occurred. However, they also used the term ‘thrust-
plane’ for what is now loosely termed a ‘thrust’.
They went on to name the major thrusts, for
example, the Moine Thrust, as the ‘Moine Thrust-
plane’. However towards the end of their 1888

paper, Peach et al. also used the term ‘thrust’ in
the same sense as it is used now, for example, the
Moine Thrust-plane became the ‘Moine Thrust’.

Lapworth (see Page & Lapworth 1888; Lap-
worth 1899) continued to use ‘thrust-plane’ and
regarded it as equivalent to an overthrow fault.
Geikie (1905, 1913) also continued using the term
‘thrust-plane’ for a sub-horizontal reverse fault but
used the term ‘overthrust’ if there was associated
folding and ‘transverse thrust’ for a strike slip or
transcurrent fault. This usage was continued in his
later book (see Geikie et al. 1940, 1953). In their
later publications, Peach et al. (1907) and Peach &
Horne (1914) used the term ‘thrust-plane’ for the
plane along which late movement had occurred
and ‘thrust’ for the overall structure. Peach &
Horne (1914) wrote that ‘it is often extremely
difficult to determine the precise plane of disrup-
tion. Owing to the development of mylonitized
rocks . . . the “thrust-plane” is apt to be lost’ and
with that distinction they ushered in our modern
terminology.

Tectonic regime producing thrust-planes,

overthrow faults and overthrow folds

When considering the early structural studies of the
NW Highlands that led to the conclusion (see above)
that the thrusts, overthrow faults and overthrow
folds indicated the presence of an old eroded moun-
tain belt, we should also consider the then current
model for orogenesis. The basis for the model was
that mountains were produced through earth con-
traction due to secular cooling (see Page 1877;
Geikie 1882). The development and progressive
refinement of the model through the late 19th
century into the early 20th century can be followed
in the books by Geikie (1882, 1885, 1893, 1903,
1913). A brief outline is included as its refinement
came from a better understanding of how structures
formed and rocks deformed during mountain build-
ing. Orogenesis was viewed as a cyclic process
initiated by the slow collapse of the cold rigid
crust into underlying space created by the shrinkage
and contraction of the cooling nucleus. It was
argued that collapse was preferentially sited on
pre-existing zones of trans-crustal weakness. By
the end of the 19th century Geikie (1893, 1903,
1913) recognized that the interface between
oceanic and continental crust was the prominent
weakness preferentially exploited during the initi-
ation of orogenesis. The collapsing zones became
the sites for the accumulation of thick sedimentary
piles, with the base of the pile being progressively
heated due to burial metamorphism or pyro-
metamorphism as it was then known (Page &
Lapworth 1888; Lapworth 1899). Continuation of
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the shortening due to the overall earth contraction
first shortened and then led to the extrusion of the
infill material out of the collapse structure onto the
crustal surface to form mountain belts. Thrusts and
the cataclastic deformation of the extruding rocks,
along with low temperature regional metamorph-
ism, occurred along the cooler margins of the
extruded material as it was forced over either lip
of the closing collapse zone onto the cold crust.
The result was the formation of the marginal or
external zones on either side of a mountain belt
such as the Alps. Nappe folds and higher tempera-
ture regional metamorphism dominated the hot
internal zones of the extrusion where rocks flowed
plastically like metals and led to the internal zone
of a mountain belt. The plastic and cataclastic defor-
mation and their associated structures graded into
each other. The diagrammatic section, drawn by
Peach, to illustrate the structure of the entire High-
lands conformed to, and illustrates, the above
model (Peach & Horne 1930, fig. 27).

The model could account for seismic and
igneous activity that characterized mountain belts.
The initial and ongoing collapse led to earthquakes
and to deep pressure release igneous activity.
Melting could also be produced by the pyro-
metamorphism of the deeply sinking sediments.
These two melting processes were the basis for the
explanation of the different categories of igneous
rocks identified within mountain belts. Of relevance
to the NW Highlands was the explanation for the
location of the Moine Thrust Zone and the con-
centration of thrusts within it. Both resulted from
the buttressing provided by the rigid Lewisian fore-
land (Peach & Horne 1930, fig. 27). According to
Geikie (1893, 1903) it caused gigantic pressures to
build up and as a result the rocks ruptured into
innumerable thrust-planes and faults that were
driven over each other. There were fewer thrusts
the further one went away from the buttress into
the Moine schists. Because of the above model,
there was considerable interest in the plastic defor-
mation both of metals and of rocks, perhaps more
so than today.

Schists produced at the sheared margins

of the Logan rock (sliver of Lewisian

gneiss) at Eriboll

The early workers (see above) noted that the
margins of the Logan rock were characterized by
the local development of a schistose, fractured,
altered and veined rock. Peach & Horne (1884),
and as also reported by Geikie (1884), gave one of
the first detailed descriptions on the progressive
effects of shearing on the margins of a Logan rock
when they described what they observed at the

margin of the sliver of Lewisian gneiss that had
been thrust over the Cambro–Ordovician quartzites
at Eriboll. They recorded that ‘a striped green fissile
schist’ occurred associated with the lower major
thrust plane at Eriboll and had a ‘remarkable
streaked structure’ that resembles ‘the fluxion lines
of an eruptive rock’. Peach & Horne (1884) noted
that the gneiss above the thrust plane ‘has a new
set of schistose planes superinduced in it which on
the whole are parallel with the thrust plane’. They
added that fissile schist was produced by ‘the enor-
mous mechanical movements’ which had induced
molecular changes in the crystalline and clastic
rocks. The sequence they described resulting from
the increasing effects of these ‘enormous mechan-
ical movements’ was for a more basic component
within the Lewisian gneiss. Peach & Horne (1884)
recorded that, as the lower thrust plane is appro-
ached from the sliver of Lewisian, the hornblendic
gneiss gradated to a hornblende schist, which in
turn gradated into a chlorite schist, then into a
finely frilled schist and, finally, into a green fissile
schist. They recorded that pegmatites following
the same gradation ultimately assumed the appear-
ance of a rhyolite.

Peach et al. (1888) noted that from Eriboll to
Ullapool ‘with each successive maximum thrust
there is progressive alteration in the displaced mate-
rials as we pass eastwards to the horizon of the
micaceous flagstones overlying the Moine Thrust’.
They also recorded that with each thrust there is a
thin band of slaty schist or sheared gneiss with the
foliation being more or less parallel with the
thrust plane.

Both Peach & Horne (1884) and Geikie (1884)
recorded that a WNW–ESE-trending lineation,
marked by elongate minerals and a preferred direc-
tion of crystal growth, had been produced in the
above schists by shearing along the thrust-planes.
Geikie likened the process producing the schists to
‘milling’. There are similarities in the contents of
the papers by Peach and Horne and Geikie and
again the extent to which Geikie is paraphrasing
Peach and Horne is not clear. What is clear is that
neither Geikie (1884) nor Peach & Horne (1884)
used the term ‘mylonite’.

Defining and describing a mylonite

In 1883, Lapworth led Teall to Arnaboll Hill. He
showed him the sliver of Arnaboll (Lewisian)
gneiss (Logan rock) resting almost horizontally
on the Cambrian quartzite and explained that the
juxtaposition of the two rocks was due to ‘an over-
throw fault’ (Teall 1918). Lapworth invited Teall
to sample the foliated rocks along the lower
margin of the Lewisian gneiss stating, according
to Teall, ‘If you want to take a specimen of rolled
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out gneiss take a specimen from there’. Teall recalls
that this was the rock which later Lapworth (1885a)
called a ‘mylonite’. The first definition of the term
‘mylonite’ was by Lapworth (1885a). Earlier
(1883), he had recorded that a ‘special type of
schistosity’, like the slaty cleavage described
by Sorby in 1853, formed a plane of cleavage that
marked the dislocations resulting from the shearing
out of fold limbs which in turn resulted from over-
thrusting. In 1884 Lapworth described the rocks
along such planes as a type of slate produced by
crushing followed by crystallization. He went on
to name such rocks mylonites in 1885.

Lapworth (1885a) defined a mylonite when he
wrote

the most intense mechanical metamorphism occurs
along the grand dislocation planes where the gneisses
and pegmatites resting on those planes are crushed,
dragged, and ground out into a finely laminated
schist (mylonite) composed of shattered fragments of
the original crystals of the rock set in a cement of
secondary quartz, the laminations being defined by
minute inosculating lines (fluxion lines) of kaolin, or
chloritic material and secondary mica.

He added ‘mylonites may be described as micro-
scopic pressure breccias with fluxion-structure, in
which the interstitial . . . paste has only recrystal-
lized in part’. He noted that mylonites were
formed along the thrust planes where the two super-
imposed rock-systems moved over each other as
solid masses and that the final appearance of a
mylonite depended on the rock types superimposed;
a point also made by Peach et al. (1888). Lapworth’s
basic definition of a mylonite remains adequate
(see later section).

In his rewriting of the textbook by Page (Page &
Lapworth 1888) and within his own book (Lapworth
1899), Lapworth further described a mylonite as

The compact platy rock or microscopic shear-breccia
typically formed in the numberless overthrow faults
(thrust-planes) of mountain regions. It is composed of
the flakes and particles of the rocks which have been
sheared, dragged, and ground between the jaws of the
gliding-planes. The particles are set in a sub-crystalline
paste, which is streaked with inosculating veins and
fibres of more or less opaque matter. The mylonitic
structure and texture is very characteristic of those
rocks which have been more or less crushed and
sheared in the region of the thrust-planes and thus we
have mylonitic gneisses, pegmatites, quartzites etc.

The textures of the matrix and of clasts within the
matrix were important in distinguishing a mylonite
from other rock types formed during movement
along the above overthrow faults (thrust-planes).
He wrote (Page & Lapworth 1888)

When the stream-paste is crypto-crystalline or amor-
phous, and lies in a flowing microscopic tissue of

opaque fibres and strings, we have the mylonitic struc-
ture [see Fig. 3], named from the characteristic struc-
ture of mylonites of Eriboll, which are typically
compact, veined, or slaty-looking rocks, so called
because they are composed of material ground to a
powder, or rock-flour, between the moving masses in
the over-faults of that region, like corn between a
pair of millstones.

He recognized that clasts could exist in the paste and
that these could impart an augen structure or flaser
structure (see Fig. 3) depending on the shape of the
clasts. He went on to note that the matrix or paste
‘flows, as it were, in streams and veins’ around the
clasts. He added ‘When the paste forming these
streams is holo-crystalline, the crystals form a
mosaic-like ground mass, known as granulitic (see
Fig. 3) after the granulites of Saxony’. In his 1888
(Page & Lapworth 1888) and 1899 (Lapworth
1899) books, Lapworth provided sketches of what
he regarded as a mylonitic, a flaser, an augen
and a granulitic texture. They are reproduced in
Figure 3. He wrote that all four textures could be
produced by mechanical metamorphism, that is,
by deformation associated with movement along
dislocation planes.

Lapworth (1885a) noted that the rocks that
developed along the upper thrust-plane marking
the transitional contact between the Arnaboll (Lewi-
sian) gneiss and the eastern or Sutherland mica-
schists (renamed the Moine schists by Peach et al.
1888) at Eriboll were different. These he referred
to as ‘variegated schists’ differing in composition
and petrological character depending upon the
rock from which they had been derived and what
had happened to them subsequently. Their final
appearance depended upon the intensity of the
many small internal dislocation planes and on the
amount of quartz veining developed. The variegated
schists could have the appearance of ‘frilled schists,
veined schists or mica-schists’ and were referred to
as phyllitic mylonites (Lapworth 1885a). Peach
et al. (1888) described these as frilled schists.
They are now known as the Oystershell rock or
Oystershell phyllonites, after Peach et al. (1907).

The variegated schists passed into the structu-
rally overlying highly flaggy mica-schists which
Lapworth noted had the fluxion lines of a mylonite
and which he regarded as ‘mylonites’. Farther east
they could contain mineral grains, mainly feldspar,
remaining from the older rock. He named these
‘augen schists’ and noted that there is every grada-
tion between these and the underlying mylonites.
Nowadays, the augen schists are also regarded as
mylonites (Evans & White 1984).

Peach et al. (1888) referred to the slaty schist that
occurred along the thrust planes as a ‘mylonite’
without reference to Lapworth. They referred to
the less schistose rock as ‘sheared gneiss’ but
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towards the end of the paper say it too is a mylonite.
They used the term ‘crush rock’ for the more altered
slaty schists (mylonites). They also illustrate (Peach
et al.1888) how a shear plane parallel foliation pro-
gressively developed with increasing shear strain
along vertical thrust planes (shear zones), with a
sub-horizontal lineation, in the Scourie dykes
within the Lewisian foreland to the Moine Thrust
Zone. They referred to the resultant fine grained
foliated rock as ‘crush rock’ and the less foliated
rock as ‘sheared gneiss’. There was initial inconsis-
tency in the manner in which Peach et al. (1888)
used the terms ‘mylonite, crush rock and sheared
gneiss’. Geikie (1885) noted that schistose rocks
developed as a result of movement along thrust
planes in north-west Scotland with ‘the new

minerals crystallizing along the shearing-surfaces
approximately parallel to the thrust-planes’. In
1893 and 1903, Geikie described ‘mylonitic’ as a

term introduced to denote the peculiar granular struc-
ture of rocks which have undergone intense crushing
such as has taken place along lines of fracture and
movement such as in faults and thrust-planes. The
materials have been reduced to minute grains which
have not recrystallized as they have done in the
granulitic structure.

He added ‘under the influence of continued shearing
may develop a streaky arrangement’. In 1903, he
added that they had been reduced to a powder and
then partially or completely recrystallized. In the
above definition, Geikie was at variance with

Fig. 3. Textures of schistose rocks as drawn by Lapworth (Page & Lapworth 1888; Lapworth 1899). He noted that
all of these textures could have a mechanical origin and wrote that their cataclastic nature is ‘perfectly clear’ but
added this is less so when the rock becomes holo-crystalline as in the granulite texture. The asymmetric clasts and
internal structures displayed in the sketches suggest that all formed as a result of deformation within a shear (dislocation)
zone. The term distinguishing each textural type is that used by Lapworth. (a) Macrostructure of a flaser texture.
(b) Macrostructure of an augen texture. (c) Microstructure of a mylonite texture. (d) Microstructure of a granulite
texture. (Reproduced from Lapworth 1899.)
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Lapworth and Peach and Horne by not regarding a
schistose texture as being an essential characteristic
of a mylonite. The above reference by Geikie to
‘mylonitic’ in his textbook indicates that ‘mylonite’
had entered the general geological vocabulary
by 1893. In 1903, Geikie used ‘mylonitic’ and
‘cataclastic’ as synonymous terms.

Teall (1885) had studied shear zones in the
Scourie dykes similar to those studied by Peach
et al. (1888). Law & Johnson (2010, fig. 4) show a
reproduction of Teall’s original sketch of a shear
zone in a Scourie dyke. Teall noted that the resultant
schistose rocks within the shear zones had been
formed by mechanical action but supplemented by
complete or nearly complete rearrangement of the
minerals to form the schistose rock and differed
from those formed mainly by mechanical action
(crushing). Teall did not believe that any crushing
was involved in the production of these schists;
rather they were produced by plastic deformation
accompanied by metamorphically induced molecu-
lar re-arrangement to form the new minerals. This is,
as he points out, at the opposite end of the spectrum
from those schists arising from an initial crushing,
an observation also made by Lapworth. But unlike
Lapworth, Teall (1885, 1918) did not make a link
between such schists and mylonites. Teall (1885)
acknowledged his indebtedness to Lapworth for
making him aware of the effects of mechanical
action on rocks and adds that Lapworth had not
seen the sheared Scourie dykes. In his contributions
in Peach et al. (1907) and in his 1918 paper, Teall
stated that he did not believe that the schists
formed within the Scourie shears were mylonites
because they had not undergone crushing. He
regarded mylonites as characteristic of zones of
fracturing and crushing and the schistose or granular
types, as in the above shear zones, being character-
istic of zones of flow. This distinction in turn gave
rise to the view that mylonite zones were limited
to upper crustal levels and passed into the
sheared out or attenuated limbs of folds at lower
crustal levels (Peach & Horne 1930, fig. 27). Pre-
sumably, in this scenario the mylonites gradated
into Teal’s schistose or granular rock types at the
lower crustal levels but, to my knowledge, this
was not stated by Teall or by Peach and Horne.
The above figure in Peach & Horne (1930) is an
early representation of the modern model for
crustal deformation in which upper crustal defor-
mation is often localized into fault and shear zones
and that in the lower crust is more homogeneously
distributed.

Apart from the basic distinction between a
mylonite and sheared gneiss, neither Lapworth nor
Peach and co-workers made any sub-division of
mylonites based on the amount of matrix produced
to clasts remaining nor did they distinguish

between mylonites and cataclasites. These are
more modern developments arising from Spry
(1969) and followed by Sibson (1977) and will be
discussed in a later section of this article. However
a forerunner to these is seen in Lapworth’s sketches
(Page & Lapworth 1888; Lapworth 1899) of the
textural types of rocks related to mylonites (see
Fig. 3); the differences are based on the shape and
size of clasts and on the amount of matrix. It is
interesting to note that Teall (1887) appears to be
the first British geologist to use the term ‘cataclastic’
to describe the above crushing process. It is a
term which he took from the publication of
Kjerulf (1885) and which was then taken up by the
wider geological community, examples being
Bonney (1893), Callaway (1893), Lapworth
(1899) and Geikie (1903).

Deformation processes producing

mylonites

Peach & Horne (1884, 1885) and Peach et al. (1888)
thought that crushing, along with subsequent neo-
mineralization or recrystallization (Geikie 1893,
1903), produced mylonitic type rocks, a process
which Teall (1902) likened to trituration. The
coarser grained mylonites, such as those produced
in the Moine schists or in the shear zones within
the Scourie dykes, were thought to reflect greater
grain growth after crushing. Geikie (1893, 1903)
referred to this process as ‘granulation’ if it resulted
in a mylonite with bands consisting of a mosaic of
grains. The above authors envisaged that both
the grain refinement process and subsequent defor-
mation was by cataclastic processes. Lapworth
(1885a), when defining a mylonite (see above),
described the deformation producing a mylonite as
involving crushing, dragging and grinding of the
parent rock. Later Page & Lapworth (1888) and
Lapworth (1899) gave a fuller account of the
deformation processes involved. Lapworth wrote,
of the deformation that produced mylonites along
the great thrust planes, in the following terms
‘many of the rocks themselves have been crushed,
mashed and dragged out their component sheets,
fragments, particles and crystals shearing (or
moving over each other with a differential motion,
each layer moving a little further than the one
below) as the masses gave way, and becoming all
finely spread out in new sheets and folia, the
planes of schistosity bear a definite relation to the
direction in which the general rock mass yielded
as a whole’ and likened the process to the ‘grinding
of corn between a pair of millstones’. Lapworth
(see Page & Lapworth 1888; Lapworth 1899)
added that on going away from a mylonite,
through flaser schists and augen schists, into
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Fig. 4. Lapworth’s outcrop and the microstructural sequence from the massive Lewisian gneiss to the well foliated platy
mylonite at the base of the Arnaboll Thrust at Ben Arnaboll. (a) The outcrop showing the foliated mylonitic rocks that
have developed along the thrust contact between the Lewisian gneiss the underlying Cambro–Ordovician quartzite.
(b–g Mark the approximate position of the specimens whose microstructures are shown below). (b) Microstructure
of the least deformed, but extensively fractured, massive Lewisian gneiss. (c) The cataclastic microstructure of the
massive gneiss in contact with the incipiently foliated gneiss. (d) Microstructure of the incipiently foliated gneiss.
The microstructure is basically cataclastic but because of the weak foliation the rock is a mylonite (see text).
(e) Microstructure of the upper well foliated rock (mylonite). (f ) Microstructure from a well foliated band

S. H. WHITE518



crystalline schists, as seen at Eriboll, the cataclastic
component of the texture of the rock becomes less
obvious and the rocks pass ‘insensibly’ into holo-
crystalline schists. He had previously concluded
(Lapworth 1885a) that the augen schists (see
above) ‘were probably formed in the central parts
of the moving system where weight and pressure
forced the rock to yield somewhat like a plastic
body’ and where the differential motion was less.
That is, like mylonites, the augen schists were also
the products of mechanical metamorphism (see
below). Lapworth recognized that both crushing
and plastic yielding can produce a mylonite. He
was also indicating that the deformation process
must ‘insensibly’ change from cataclasis to plastic
yielding as the texture of the rock changes from
mylonitic to holocrystalline schistose. Teall (1885,
1918) and within Peach et al. (1907) took the
importance of plastic yielding a step further. He
concluded that the rocks produced within the shear
zones in the Scourie dykes (see above), which we
would now regard as mylonitic, had been formed
by plastic deformation processes involving two
coupled processes, namely deformation induced
molecular re-arrangement of component minerals
and grain refinement by granulation (recry-
stallization). He noted that these coupled processes
were observed not only in the Scourie dykes but
also in the formation of amphibolitic schists else-
where (see Teall 1885, 1886, 1887, 1918). Later,
Read (1931, 1934, 1951) used ‘granulation’ to
describe grain refinement by cataclasis, that is,
Teall, Geikie and Read used ‘granulation’ to
describe different aspects of mylonite formation
and deformation.

Teall (1918) published a sequence of micro-
graphs from different specimens from different
localities to illustrating progressive mylonitization.
His specimens included some collected with
Lapworth. He recorded that the deformation pro-
cesses in the mylonites, including those from Ben
Arnaboll, could be complex. Quartz and feldspar
exhibited different deformation processes. He
wrote ‘plagioclase feldspars often illustrate the
cataclastic effects in a very beautiful manner. The
first effect is seen in the faulting of the twin lamel-
lae, from this result to the complete breaking up of
a large individual into innumerable fragments in a

matrix of fined grained mylonitic material every
stage may be observed’. He went on to note that
under the same deformation conditions quartz
responds differently. It

yields more readily to the deforming stresses than feld-
spar . . . it does not as a rule break into separate frag-
ments. It becomes plastic, as it were, losing at the
same time its distinctive optical characters and taking
on a peculiar kind of crypto-crystalline structure.

Similar microstructural features can be seen in
Figure 4 of this article and have been discussed in
a previous chapter of this volume (see Law &
Johnson 2010, fig. 3, for a reproduction of Teall’s
(1918) original photo-micrographs). Teall (1918)
went on to add ‘that under other conditions . . . this
distinction between quartz and feldspar is not main-
tained’. By ‘other conditions’ Teall was referring to
those conditions under which the amphibolite facies
shear zones formed in the Scourie dykes. Under
these conditions both quartz and feldspar were
plastic. Teall (1918 and within Peach et al. 1907)
again emphasized that there was no sharp boundary
between cataclastic and plastic deformation pro-
cesses and the manner in which they gradated into
each other depended on temperature, pressure
and mineralogy.

What did Lapworth and Teall mean by the plastic
deformation or plastic yielding of rocks? In other
words – what was known about the plastic defor-
mation of rocks and other materials in the late
19th to early 20th centuries? Bonney (1886) and,
especially, Mellard Reade (1886) refer to the impor-
tance of plastic deformation in the natural defor-
mation of rocks. They and Teall (1885) quote the
papers and lectures on the flow of solids by Tresca
in the period beginning in 1864 and culminating in
his paper published in the Proceedings of the Insti-
tute of Mechanical Engineers in 1878 (Tresca
1878). A direct consequence of Tresca’s initial
papers were early experiments by Miall (1869),
who plastically deformed gypsum, and the use of
lead by Mellard Reade (1886) as an analogue for
the deformation of crystalline metamorphic rocks
during mountain building. Millard Reade concluded
that crystalline rocks, as seen in modern day moun-
tain belts, were extruded, by solid state flow, from
depth by the overlying weight of the mountain belt

Fig. 4. (Continued) within the mylonitic zone. The foliation is marked by alternating quartz-mica rich and fine grained
feldspar rich bands. Few feldspar clasts remain. Bulk tensile fractures in filled by quartz veins are common. (g)
Microstructure of the platy mylonite in the footwall of the thrust zone, adjacent to the contact with the quartzite. The
microstructure is dominated by quartz and mica with lesser albite. Quartz veins infill R-shears. The Lewisian protolith
cannot be recognized on the basis of this microstructure. [Scale grid has a diameter of 3 mm; tectonic transport or
mechanical movement, as first described by Peach & Horne (1884) and Peach et al. (1888), is to the WNW and is to the
upper left for each photo micrograph. Specimens were cut perpendicular to foliation and parallel to the WNW–ESE
trending stretching/mineral lineation, viewing is to the NNE.]
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like lead being extruded from a die during the
making of lead pipes. Not all of Mellard Reade’s
ideas on mountain building were conventional. He
appears to have been an early adherent to the
expanding earth hypothesis or, at least, an expansion
of the cold crust due to heating from below, rather
than the contracting earth model (see above). Teall
(1885) recorded that Heim had earlier attributed
grain elongation in naturally deformed calcite to
plastic deformation. It is interesting to note that
Kilgour, in the discussion of Teall’s (1885) paper,
noted similarities in aspects of his (Teall’s) paper
and the behaviour of metals suggesting that cross
fertilization between materials science and geo-
logy was occurring at this time. An even earlier
example of such cross fertilization in seen in
Sorby’s early study on the microstructure of iron
meteorites (Sorby 1864) and in his seminal work
on the microstructures of undeformed, deformed,
annealed and recrystallized metals which was pre-
sented at the British Association Meeting in 1864
(see Quarrell 1964) and published in two detailed
papers in 1886 and 1887 (Sorby 1886, 1887; see
also Mehl 1948). Mehl pointed out that the mechan-
ical testing of metals was well established in the
1870s and that this was also the period during
which many British universities inaugurated depart-
ments of metallurgical sciences.

In the latter part of the 19th century, two schools
of thought had developed regarding crustal defor-
mation. One school, as characterized in the works
of Callaway & Peach and co-workers, saw cru-
stal deformation as being chiefly by cataclastic pro-
cesses with plastic processes limited to molten or
semi- molten intrusive rocks (e.g. banded gneisses)
at deeper levels with no gradation from one to the
other. The second school, chiefly Lapworth and
Teall, saw a complete gradation from cataclastic
processes to solid state plastic processes and
which was complexly influenced by temperature,
strain rate and pressure and better fitted the above
model for orogenesis (see pages 513 and 514).

In 1902, Teall made further reference to the
importance of plastic deformation and quoted the
results of experiments published in 1901 by
Adams, a geologist, and Nicolson, a mechanical
engineer, in support of his views. Adams & Nicol-
son (1901) deformed Carrara marble in the labora-
tory under variable temperature-pressure-time
conditions in the dry and wet state. They found
that cataclastic deformation dominated at low temp-
eratures and plastic deformation, by twinning and
gliding, occurred at high temperatures (c. 400 8C)
without cataclasis but with a ‘trivial’ component
of cataclasis at c. 300 8C.

Interestingly, Geikie (1903), who was also aware
of the research by Tresca and by Adams and
Nichols, changed position from one similar to

Peach and co-workers to one more closely allied
to Lapworth and Teall. Initially Geikie (1882)
thought that Tresca’s research had limited appli-
cation to geology but came to realize its consider-
able importance (Geikie 1885, 1893). Finally,
Geikie (1903) indicated that, after grain size
reduction by cataclasis, a change in deformation
process could occur to plastic flow involving mol-
ecular re-arrangement accomplished by the shearing
of molecules along glide planes. Geikie, by this
time, was taking on board the ideas of Teall whom
he had earlier persuaded to join the Survey as a
petrologist. However, he doubted if crustal defor-
mation was ever entirely free from a component
of cataclasis. Geikie (1903) further emphasized
similarities between rock and metal deformation
when he noted that metals develop the fluxion
structure of rocks if deformed to large strains.
Sorby (1908) also was aware of such similarities.
He noted that the microstructures of deformed
metals, especially those that had been rolled at low
temperatures, as shown in his papers of 1886 and
1887, resembled those seen in naturally deformed
schists.

In spite of the above comparisons between rock
and metal deformation, cataclastic processes with
associated mass transfer, chiefly pressure solution
(Sorby 1853, 1856, 1879), remained the most
quoted mechanism for crustal deformation until
the mid-20th century when Griggs and co-workers
succeeded in inducing plastic flow in silicates (see
Passchier & Trouw 2005 for references). Even the
granulation (recrystallization) process of Teall was
viewed as the result of grain growth after grain
refinement by cataclasis (Read 1931, 1934, 1951;
Read & Watson 1962). There were exceptions.
One example is Geikie (see Geikie et al. 1940,
1953) who foresaw the importance of pressure as
well as temperature. He wrote that plastic flow
would be favoured by high pressures (as experi-
enced in the internal zone of a mountain belt
where shortening was dominated by folding, see
above and Peach & Horne 1930, fig. 27) and cata-
clastic flow by lower pressures (as in the external
zone where shortening was dominantly thrusting)
and could pass one into the other by ‘insensible gra-
dations’. The above figure in Peach & Horne (1930)
is an excellent illustration for what Geikie wrote,
showing the thrusts of the external zones passing
into folds at depth and being replaced by folds in
the internal zone. It would appear that Peach &
Horne (1930) shared Geikie’s view on the change
in deformation mechanisms. Another example is
Balk (1952) who explained quartz c-axis fabrics in
his mylonites as being produced by a deformation
akin to the rolling of a metal.

A further question with respect to deformation
related to mylonites, and related rocks at Eriboll,
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arises from the following statement by Lapworth. In
1885, he (Lapworth, 1885a) wrote that the

present physical relationships . . . between the Arna-
boll gneiss, the variegated schists, the augen schists
and the Sutherland (Moine) schists . . . are the effect
of lateral crust creep by which . . . they . . . have been
forced over the Palaeozoic rocks in grand overfaults
to the west often for many miles.

What did he mean by ‘crustal creep’? In 1899,
Lapworth indicated that it was the response of
the earth’s crust to lateral pressure that can result
in mountain chains and in regional dynamo-
metamorphism. He (Lapworth 1899) went on to
note that ‘the Mechanical action of Lateral pressure
(or crust-creep) alters the rock subjected to its
influence both structurally and texturally’ and
added that the thrusts of NW Scotland were pro-
duced by crust-creep. Geikie (1913) also used the
term ‘creep’ in reference to mountain development.
He wrote that crustal creep was a process involved
in the development of the Alps and that great rock
masses would ‘creep along approximately hori-
zontal thrust planes’ during Alpine development.
The views expressed by Lapworth and Geikie are
similar to modern-day views. They raise the ques-
tion – what was known about creep deformation
in the late 19th and early 20th centuries?

By the late 19th century, creep deformation of
metals had been established (see Muir 1899) follow-
ing earlier studies (see Ewing 1880). Microstruc-
tural studies of deformed metals were also well
established by this time (see Ewing & Rosenhain
1899, 1901) following introductory metallographic
research by Sorby (1864) as indicated above. The
classical creep studies of Andrade were published
in 1910 and 1914. It is not certain what Lapworth
and Geikie exactly meant by crustal creep.
However, the way in which Lapworth used the
term ‘plastic yielding’ and he and Geikie used the
term ‘creep’ indicates that both were aware of
then current literature on metal deformation
which, in Britain, was mainly published within the
journals of The Royal Society.

Finally, in what sense was Lapworth using the
term ‘rolled out gneiss’ when introducing Teall to
his mylonite locality at Ben Arnaboll in 1883. The
analogy that crystalline schists, gneisses and mylo-
nites appeared, from their texture, to have been pro-
duced by the natural equivalent to the rolling or
extruding of metals is prevalent in geological publi-
cations in the middle to late 19th century (see above)
and continues to be prevalent in more modern times.
Balk (1952) noted the similarity between the micro-
structures of rolled metals and mylonites. White
(1979c) and White et al. (1980) also stressed that
there were similarities not only between the micro-
structures of metals, especially steel which had been

rolled at low temperatures, and mylonites, but
also in the internal structures (foliations) in both.
They used the metallurgical term ‘shear bands’ to
describe the oblique, partially penetrative, intra-
folial, internal shears often seen in mylonites, such
as those at Eriboll and especially in the variegated
schists, because they were geometrically similar to
features common in cold and warm rolled steel.

Perhaps the final word on the deformation pro-
cesses that produce a mylonite lies with Teall. In
1885, he posed ‘three important questions’ related
to the genesis of shear zone or fault zone related
rocks that then remained to be solved. They were
as follows.

a) Under what conditions is the deformation
accompanied by a crushing of the individual
constituents?

b) Under what conditions is it accompanied by
entire molecular rearrangement (plastic flow
and recrystallization)?

c) Under what conditions do these two more or less
opposites occur at the same time?

As will be seen later, these three questions still
remain with us to varying degrees.

The lineation associated with the mylonites

along the Moine Thrust Zone, especially at

Eriboll, and its kinematic significance

Lapworth (1885a) makes little mention of the pro-
minent lineation seen in the mylonites and schists
associated with his grand dislocation, although
Callaway (1883b) had recorded slickensides
within the Logan rock. On the other hand, Peach
& Horne (1884, 1885) and Peach et al. (1888)
treated it in some detail. They noted, in their 1884
paper, that the schists along the thrust planes at
Eriboll had a streaked appearance due to ‘their com-
ponent particles of quartz and feldspar being all
elongated in one common direction’; they were
describing a stretching lineation. They added that
the streaked minerals, which could include mica,
could also form fine parallel lines, like slickensides,
on the foliation planes and quartz veins could be
drawn into parallel rods (see also Wilson 1953).
The observed lineation always had the same
general trend, namely WNW–ESE. Peach &
Horne (1884, 1885) wrote that the lineation was
the result of the ‘enormous mechanical movements
under which the individual particles were forced
over one another in one common direction, from
ESE to WNW’. Geikie (1884) also noted the same
features about the lineation, but in his later books
(Geikie 1885, 1888, 1893, 1903) made no mention
of the kinematic significance of the lineation.
Peach et al. (1888) confirmed that the lineation
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occurred over the length of the Moine Thrust Zone,
had a common direction and indicated a regional
tectonic transport from 20 to 408 south of east.
Later workers would periodically reconfirm that
the stretching lineation is remarkably consistent
not only throughout the Eriboll area (Wilson 1953;
Soper & Wilkinson 1975; McClay & Coward
1981; Butler 1982b; Evans & White 1984; Bretan
1985; Holdsworth 1989; Holdsworth et al. 2007)
but over the whole of the Moine Thrust Zone
(Philips 1937; Anderson 1948; McIntyre 1954;
Johnson 1957; Christie 1960; Barber 1965; Law
et al. 1984, 1986; Coward 1985; Allison et al.
1988; Law & Johnson 2010, fig. 5).

Peach & Horne (1884) and Peach et al. (1888)
demonstrated the kinematic significance of the
above stretching lineation by its geometric relation-
ship to regional and local thrust geometries. They
supported this by the oldest known use of kinematic
indicators that had formed in mylonites, namely
asymmetric clast shapes, rotation of markers such
as the pipes in the Pipe Rock or external foliations,
geometry of intrafolial folds and oblique foliations
(what we would now term s-c and c-c0 or shear
band fabrics) to conclude that the lineation tracked
movement (tectonic transport) within the mylonites
from the ESE to the WNW. However, this would be
disputed (see details in Law & Johnson 2010).
Philips (1937, 1945) argued, mainly on petrofabric
evidence, that the regional lineation in the Moine
schists, including the mylonitized Moine schists
(Philips 1937), was not a stretching lineation but a
b-lineation of the type described by Sander (see
references in Philips 1937; Law & Johnson 2010).
Consequently Philips (1937, 1945) concluded that
the lineation was parallel to fold axes (see below)
and is therefore perpendicular to the direction of
tectonic transport. Although this view was opp-
osed by Anderson (1948), it continued to find
favour (Wilson 1953; McIntyre 1954; Christie
1960); see also historical reviews by Howarth &
Leake (2002) and Law & Johnson (2010). The
opposing interpretations were reconciled by propos-
ing that the deformation producing the lineation in
the Moine schists, on the one hand, and in mylo-
nites, on the other hand, were two distinct events
with the b-lineation in the Moine schists produced
earlier than the thrusting; see discussion of the
paper by Wilson (1953), review by McIntyre
(1954) and paper by Christie (1960). In this scen-
ario, the thrust event was thought to be Caledonian
and the production of the b-lineation to be pre-
Caledonian. Horne had similar views whereas
Peach held the view that the metamorphism,
folding and thrusting represented a single post
Cambrian event (see McIntyre 1954).

Christie (1956, 1960), in his study of the mylo-
nites associated with the Moine Thrust at the

Stack of Glencoul, proposed that the lineation
within the mylonites was also a b-lineation and indi-
cated that kinematic transport within the Moine
Thrust Zone was in a NNE–SSW direction. There
ensued a controversy over the direction of transport
along the Moine Thrust Zone, chiefly between
Christie (1960, 1963, 1965) and Johnson (1957,
1965, 1967) who regarded the lineation as a stretch-
ing lineation indicating WNW-directed transport.
The controversy was eventually hammered out in
favour of Johnson and indirectly in favour of
Peach and co-workers, Lapworth, Callaway and
Nicol. It is now generally accepted that both the
deformation and metamorphism associated with
the thrusting and within the Moine schists represent
phases of a Caledonian event in which transport was
to the WNW (Johnson et al. 1985; Holdsworth et al.
2007); see historical and regional reviews by
Howarth & Leake (2002), Strachan et al. (2002)
and Law & Johnson (2010).

Enigmatic observations, however, remain. Two
of these are listed below. Firstly, en echelon
quartz tension gashes in incipient shear zones in
the Moine schists at Melness (see Fig. 2 for location)
indicate a north to south movement in the footwall
to the Ben Hope Slide (Wilson 1952). Secondly,
garnets in foliated amphibolites in the hanging
wall of the Ben Hope Zone (Slide or Thrust), in
the same area, were rolled with the WNW–ESE
lineation as the axis of rolling and indicating a
SSW–NNE line of transport (McLachlan 1953).

Metamorphism producing mylonites

Lapworth (1885a) used the term ‘mechanical meta-
morphism’ to describe the metamorphic process that
produced a mylonite. He wrote that the original
crystals within the Arnaboll gneiss ‘are crushed
and spread out and new secondary minerals are
developed. The most intense mechanical meta-
morphism develops along the grand dislocation
planes’ (Lapworth 1885a). Peach et al. (1888) also
concluded the metamorphism that produced the
flaggy schists (mylonites) along the thrust planes
of the Moine Thrust Zone was by a metamorphic
process similar to that described by Lapworth.
However they thought that the mechanical meta-
morphism was an integral part of regional meta-
morphism and which ‘is due to the dynamical and
chemical effects of mechanical movement acting
alike on crystalline and clastic rocks’.

Bonney (1886) in his presidential address to
The Geological Society indicated that the basic
distinctions between contact and regional meta-
morphism were well understood in the latter half
of the 19th century. He recognized a third type of
metamorphism resulting from ‘great earth move-
ments’ and which he distinguished from regional
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metamorphism by referring to it as ‘pressure meta-
morphism’. Teall (1886) also used pressure
metamorphism to describe the metamorphism
associated with the affects of mechanical energy
due to shearing and used a deformed gabbro with
a classic mylonitic texture as an example. Later
Teall (1902), in his presidential address to The
Society, recalls that Lossen in 1867 had described
a similar metamorphic process as a ‘dislocation
metamorphism’ and which indicated its direct
association with a fault. Teall (1918) went on to
use the term ‘dynamic metamorphism’ to describe
the metamorphic conditions that produced mylo-
nites. In finally arriving at this term from his original
use of ‘pressure metamorphism’, he used the terms
‘dynamic metamorphism’ (Teall 1887, 1888),
‘dynamo-metamorphism’ (Teall 1902, see also
Callaway 1893) and ‘thermodynamic metamorph-
ism’ (Teall 1902) as he wrestled with the relative
roles and scales of the mechanical and thermal
effects. In his 1902 paper, he listed slates as
examples of dynamo- or thermodynamic meta-
morphism. In 1918, Teall included slates as an
example of dynamic metamorphism as one of two
end members, namely localized dynamic meta-
morphism producing mylonites and schists in
shear zones and regional dynamic metamorphism
producing slates and schists over large areas (e.g.
the schists of NW Scotland). Lapworth (1899) also
grappled with the type of metamorphism that
produced slates and, like Teall (1918), considered
that both mylonites and slates formed during
‘dynamo-metamorphism’. In such a scheme, mylo-
nites formed when it was localized (equivalent to
the mechanical metamorphism of Peach and Horne
and Lapworth, see above) and slates when it
was more regional. In this context, mechanical
metamorphism would be a sub-division of dynamo-
metamorphism which, in turn, along with pyro-
metamorphism (equivalent to burial metamorphism)
were sub-divisions of regional metamorphism.
However, for reasons that are not clear, Lapworth
made no mention of mechanical metamorphism in
his later books (Page & Lapworth 1888; Lapworth
1899), nor did Peach et al. in their 1907 memoir.
Perhaps they had foreseen the problem later high-
lighted by Read (discussed below).

Lapworth and Teall appear to have only used the
term ‘regional metamorphism’ to indicate the areal
extent of metamorphism irrespective of the contri-
buting metamorphic processes. Geikie (1882), on
the other hand, sub-divided metamorphism into
regional and contact types. As a result of the
closing of the Highland Controversy, he came to
regard mechanical deformation as an essential com-
ponent of regional metamorphism (Geikie 1885).
The schistose rocks of the type to be named ‘mylo-
nites’ by Lapworth in the same year formed during

regional metamorphism in those areas where mech-
anical deformation was most intense, namely, where
rock masses sheared over one another along thrust-
planes (dislocations). Later Geikie (1893, 1903) saw
the need to distinguish between the metamorphism
producing mylonites and slates from schists and
from each other. Besides ‘normal’ regional meta-
morphism, he introduced two sub-classes, namely
dynamo-metamorphism producing mylonites and
dynamothermal metamorphism producing slates.
This distinction was continued in later editions of
his books (see Geikie et al. 1940, 1953).

At the start of the 20th century the terminology
associated with regional metamorphism and the
place of mylonites in such a scheme had become
subjective and confused. But so far as the Moine
Thrust and the Moine schists were concerned, the
notion was that the metamorphism in the Moines
progressed from mylonite or cataclasite to schist
and gneiss (chiefly Peach & Horne, Lapworth,
Geikie). Perhaps this reflected their initial attention
to the Cambro–Ordovician sediments at Eriboll
which went from sediment to schistose mylonite
as the major thrust-planes (dislocations) were
approached and likewise for the massive Lewisian
at Ben Arnaboll. They extended this logic to the
Moine schists. Read (1931, 1934) who worked
from the Moine schists into the Moine Thrust
Zone, took exception to this notion, somewhat
strongly, and argued that the progression was the
other way, namely from schist or gneiss to mylonite
or cataclasite. Read (1934) stressed that the Moine
schist, and Lewisian gneiss within it, were being
retrograded into the mylonite zones associated
with the thrust-planes, whereas Lapworth, Peach
and Horne and Geikie were effectively indicating
that the dislocation or thrust-plane related meta-
morphism was prograde. Perhaps to counter the
notion that mechanical metamorphism had pro-
duced the schistosity in the Moines as it had done
in the Cambro–Ordovician sediments, Read
(1934) re-introduced the term ‘dislocation meta-
morphism’ to distinguish and disconnect the retro-
grade nature of most of the mylonite zones in the
Moine schists from the regional or general meta-
morphism that produced the Moine schists. Read
had concluded that the dislocation metamorphism
was later than the regional metamorphism of the
Moine schists (Read 1934). Peach and Horne,
Lapworth and Geikie thought they were co-eval,
although, as stated above, Horne later came to an
opinion similar to Read (see Law & Johnson
2010). Read & Watson (1962) defined dislocation
metamorphism as being confined to changes
taking place in restricted belts of concentrated
earth movement such as along thrusts or shear
zones in regions where no other kind of metamor-
phism was in progress. They emphasized that
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dislocation metamorphism was essentially retro-
grade. Christie (1960) used Lapworth’s term ‘mech-
anical metamorphism’. Spry (1969) reverted to
‘dynamic metamorphism’ which remains in
current use. Spry also included slates as an
example of dynamic metamorphism and in doing
this was following Teall’s (1902, 1918) example.
Confusingly, Spry’s classification scheme for dyna-
mically metamorphosed rocks only included rocks
formed within shear or fault zones, chiefly mylo-
nites and cataclasites; he appears to have solved
the problem of what to do with slates by overlooking
them in his classification. This has resulted in the
term ‘dynamic metamorphism’ being limited to
shear zone or fault zone related rocks. The current
recommendation of the IUGS (Smulikowski et al.
2007) is that the term ‘dislocation metamorphism’
be used. Currently a dislocation is no longer used
in the geological literature to indicate a fault or
shear zone, we now use it in its materials science
context. It is interesting to note that Read (1934)
returned to the term ‘dislocation metamorphism’
at exactly the time when materials scientists were
appropriating the geological term ‘dislocation’ to
describe a linear lattice defect that allowed crystals
to shear easily along slip planes (Taylor 1934a–d).
It would be more appropriate to use the term ‘shear
and fault zone related metamorphism’ to describe
the process that produces mylonites and cataclasites
which, as will be discussed later, are classified as
shear and fault zone related rocks.

Lapworth’s textural sequence from

gneiss to mylonite

Lapworth’s outcrop at Ben Arnaboll (see Fig. 2 for
location), which Teall sampled, is well known
from Teall’s description and is shown in
Figure 4a. Lapworth (1885a) wrote that the Arna-
boll gneiss can be traced from spots where it
retains its original texture and petrology to where
these are obliterated and new ones developed.
Teall (1918) published a series of photomicrographs
(see also Law & Johnson 2010), some selected from
specimens he collected in the company of Lapworth
in 1883, and which illustrate the progressive
development of a mylonite from the undeformed
Arnaboll (Lewisian) gneiss. A similar sequence,
consisting only of samples from Lapworth’s locality
at Ben Arnaboll, is shown in Figure 4b–g. Lapworth
(Page & Lapworth 1888; Lapworth 1899) included a
sketch of the microstructure of a mylonite in his
textbooks but did not indicate from where the speci-
men came, presumably it was from Ben Arnaboll.

The massive Lewisian gneiss exhibits a typical
gneissic microstructure (Fig. 4b) consisting of
coarse plagioclase, orthoclase feldspar and

subsidiary quartz. The microstructure shows exten-
sive fracturing. The fractures, which are usually
infilled with quartz, locally displace grains but do
not alter the gneissic microstructure. The quartz
grains have strongly developed internal optical
strain features, mainly deformation bands and
elongate sub-grains with small equidimensional
sub-grains forming in grain mantles and passing
into recrystallized grains at the grain boundary.
The feldspar grains show evidence for intragranular
plasticity, mainly deformation twins, bent twin
lamellae and banded undulatory extinction. Grain
refinement is by fragmentation (see also Teall
1918). As the foliated zone is approached, there is
extensive cataclasis producing a marked grain-size
reduction and a fine grained matrix, the cement or
paste of Lapworth (Fig. 4c). There is no perceptible
foliation and parentage is obvious. The rock pro-
duced is a proto-cataclasite. The most noticeable
mineralogical change at this stage is the appearance
of epidote, a feature commonly commented upon by
those who studied the Logan rock in the 19th
century (see above). An incipient, initial foliation
(Fig. 4d) is produced by segregated bands of
quartz and mica with individual quartz grains
elongated oblique to the trace of the bands to form
an s-c fabric (see Passchier & Trouw 2005). Feld-
spar clasts have been extensively fractured and frag-
mented. Fractures, in a tensile orientation during
shear induced flow, are pulled apart and in-filled
with fibrous quartz grains. The fibres are orientated
parallel to the elongation of the grains forming the
s-c fabric. The main difference between the micro-
structure in Figures 4c and d is the advent of a
weak foliation; the deformation is predominantly
cataclastic in both. In the descriptive classification
of Spry (1969) and Sibson (1977) the rock has
changed from a protocataclasite to a protomylonite.
The mylonite stage (Fig. 4e) is marked by the first
appearance of a well foliated rock. There has been
a marked increase in the abundance of quartz and
mica with a schistosity defined by mica rich
planes and by bands with differing mineralogy and
grain-size. Rounded and ellipsoidal feldspar augen
develop in the fine grained bands where it appears
that grain refinement is now also occurring by the
chemical and strain induced recrystallization to
metamorphically stable albite. Angular fragments
of plagioclase dominate the feldspar rich bands
with grain refinement dominantly by cataclasis.

The increased definition of the foliation in hand
specimen is accompanied by a better defined
banding due to the marked segregation between
the streaked out fine grained feldspars and quartz-
mica bands (Fig. 4f). The reworking and grain
size diminution of the feldspars is achieved largely
by cataclasis and then by neomineralization and
recrystallization as the feldspars chemically readjust
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to the ongoing metamorphic conditions in the finer
grained bands where the ingress of water has
focused. The final result of these combined pro-
cesses is to produce a mylonitic rock in which
the protolith feldspars have been almost totally
reworked and the microstructure consists of alter-
nating quartz-mica and albite-quartz-mica bands.
Quartz veining is present. Further re-working of
the feldspar rich bands produces an intensely foli-
ated rock (Fig. 4g); the green fissile schist of
Peach & Horne (1884) or slaty schist of Peach
et al. (1888). The darker bands in Figure 4g are
the remnants of the feldspar rich bands in
Figure 4f. It is no longer possible to recognize that
the protolith to the microstructure seen in
Figure 4g was a Lewisian gneiss; it could just as
easily have been a Moine schist or a quartz rich
rock from the Cambro–Ordovician sequence. This
is a point made by Peach & Horne (1884), namely,
the same slaty schist is produced along the contact
where rocks have been juxtaposed across a thrust
plane, irrespective of the protolith. The slaty schist
is an ultramylonite in Spry’s (1969) and in
Sibson’s (1977) terminology or a mylonite to
Lapworth (1885a) and Teall (1918).

Quartz veining is still present in the ultramylo-
nite. Quartz veins have infilled R-shears which
have then back-rotated indicating that they remained
as active R-shears after their initial infilling by
quartz. Quartz veins which infilled fractures perpen-
dicular to the foliation remained essentially as
passive markers during subsequent deformation
and were folded or forward-rotated.

It is interesting to note that the first record of the
description of a thin section from Lapworth’s
locality is by Bonney (1886) for a specimen lent
to him by Teall from the collection he made with
Lapworth. Bonney noted that it had a microstructure
remarkably similar to that of a Logan rock from
Glen Logan and also had ‘quartz granules having a
peculiar dragged-out, clotted aspect, and having
their optic axes approximately parallel, so as to
produce a marked uniformity of tint when examined
with two Nicol’s prisms’. This may be the first
description of a preferred crystallographic orien-
tation produced during the deformation processes
resulting in a mylonite.

Transmission electron microscopy (TEM) obser-
vations on the above rocks have been reported in a
brief study by White (1998). Quartz grains in the
cataclased gneiss and clasts in the mylonites
display similar structures, namely sub-grains with
walls defined by picket fences of dislocations with
low densities of dislocations within the sub-grain
interiors. Grain refinement is by recrystallization.
Within the phyllosilicate free quartz bands in the
mylonite, the quartz has a coarser grain-size (5–
10 micron) than the quartz in phyllosilicate rich

bands (5 microns or less). The latter sub-grain size
is similar to the sub-grains in the quartz clasts
within the mylonites suggesting sub-grain rotation
as a nucleating process for the recrystallized
grains. It is the multiple diffraction effects due the
small grain size of the quartz that produced the
cryptocrystallinity referred to by Teall (1918). In
the ultramylonite, the size (,5 micron) and shape
of the quartz grains are controlled by intercrystalline
phyllosilicates. The alkali feldspar and plagioclase
grains in the cataclased gneiss and within clasts
in the mylonite exhibit narrow (typically ,1
micron) and often closely spaced (c. 5 micron)
deformation twins. The areas between the twins
are highly dislocated consisting of small (,5
micron) subgrains with high internal densities of
tangled dislocations. Grain refinement on the
coarser scale is by cataclasis but on the finer scale
is by the chemically and strain driven nucleation
of strain free albite grains.

The ultra-fine grained bands that form the inter-
stitial paste defining the fluxion lines of Lapworth
consist of ultra-fine (,5 micron) grained quartz,
with some albite grains of a similar size. Small
white mica and chlorite grains, often less than 1
micron, occur both along the grain boundaries and
within the quartz grains. Dislocations occur within
the quartz grains. The darker fluxion lines also
contain fine grained epidote and iron oxides. The
electron microscopy shows that Lapworth’s sub-
crystalline or amorphous paste always consists of
crystalline material albeit with a grain size below
the limit of resolution in an optical microscope,
especially when using a standard 30 micron thin-
section. The TEM studies of these and of other
mylonites from the Moine Thrust Zone (Weathers
et al. 1979; White 1979a, b; Ord & Christie 1984;
Knipe 1990) have not produced evidence to sug-
gest that the coarser grained mylonites were orig-
inally the ultra-fine grained paste that underwent
later grain growth as thought by Peach et al. (1888).

Deformation processes producing the

mylonites in Lapworth’s type section

As stated above, there is a current tendency to regard
a mylonite as the product of ductile flow due to
dominant crystal plastic processes (Passchier &
Trouw 2005). Essentially, however, a mylonite is
the product of a large strain deformation within
shear zones irrespective of the deformation
process (see above). The mylonites produced at
Ben Arnaboll underwent initial deformation and
grain refinement by cataclasis, that is, by crushing
in the terms of Lapworth (1885a) and of Peach
et al. (1884, 1885, 1888). The deformation then
changed to dominant crystal plastic processes,
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with subsequent grain refinement by recrystalliza-
tion, as the mineralogy changed to a mechanically
weak mineral assemblage, namely fine grained
quartz and mica. Cataclasis remained important
with respect to the feldspar clasts and fracturing
remained a contributing process in the bulk defor-
mation. As Lapworth, Teall and Geikie had con-
cluded, there is no sharp transition from cataclastic
to (crystal) plastic deformation processes in myloni-
tization (see above section). They are two end
member processes which imperceptibly transit
from one to the other depending on rock type,
mineralogy and deformation conditions.

The tendency for the above bulk fractures, which
are often oblique to the foliation, to follow an R-shear
orientation indicates that ductile fracturing (Small-
man 1985), involving void development and coalesc-
ence, had contributed to development of the
mylonites. The change from brittle to ductile fractur-
ing is an expected part the imperceptible transition
from cataclastic to crystal plastic deformation. Fur-
thermore, we should not overlook the comment by
Huddleston (1879) that extra material, including
water, is being added to the mylonitic mill throughout
the milling process and will affect the deformation
behaviour of the rock in the mill in a manner depen-
dent upon what is being added and when it is added
(see White & Knipe 1978; White et al. 1980).

Both Lapworth and Teall, recognized that crystal
plastic process could also produce a mylonite, or
mylonitic type rock, depending on deformation con-
ditions, for example, strain rate, temperature,
pressure and mineralogy (see above). That is, a
mylonite is not the product of a specific deformation
process or mechanism. If we only studied Figure 4g,
we would have no knowledge of the deformation
processes or mechanisms that produced it from the
microstructure of Figure 4b. We would know only
the mechanism operating after the microstructure
in Figure 4g had been produced. If we do not
know the deformation processes and mechanisms,
we cannot ascribe a flow law. That is, what type of
flow law should we use to describe the production
of an ultramylonite from the Arnaboll gneiss? This
in turn questions the relevance of simple creep
equations when we come to model the rheology of
a mylonite zone.

A further problem arises when the progressive
grain size reduction with shear strain is considered.
White (1979a) used both grain size and sub-grain
size of quartz deformed by crystal plastic processes
to estimate paleo-stresses associated with the devel-
opment of a quartz mylonite in a centimetric scale
shear zone within the imbricate zone at Eriboll. He
found up to an order of magnitude increase
(c. 30 MPa to c. 300 MPa) from edge to centre of
the shear. Across the mylonites associated with the
Moine Thrust, the stress intensification is from

c. 30 to c. 180 MPa (White 1979b). The question
is how can such a stress gradient be maintained
over a period of time? It makes better sense if the
grain and sub-grain size gradients reflect a strain
rate gradient. This in turn points to a warm or hot
working type of deformation process, as occurs in
the rolling of metals, rather than a creep process.
If true, this has implications for how we model not
only mid- to deep crustal rheology but also that of
the upper mantle.

Deformation processes producing

unfoliated fault rocks (cataclasites) in

the Eriboll area

Microstructural studies of the unfoliated cataclastic
rocks within the Moine Thrust Zone are rare. An
exception is the study by Moore (1980) of catacla-
sites from the Conamheall area at the southern end
of Loch Eriboll. Her findings are summarized below.

The cataclasites occur along thrusts forming an
imbricate structure associated with the Sole Thrust
and which cause duplication of the Cambro–
Ordovician sediments. The thrusts were marked by
zones, up to 5 m thick, of cohesive fragmented
Pipe Rock. The fragments sit in a matrix of
whitish flinty material near the edges of the zones
and gradate into black flinty material, which also
formed narrow centimetric bands of more intense
cataclasis, in the centre of the zones.

Samples were taken from the Pipe Rock adjacent
to the zones and from clasts within the zones. They
were also taken from the white and black flinty
matrix and from the black flinty bands of intense
cataclasis. Optically, the quartz grains from sam-
ples adjacent the zones showed no elongation but
did exhibit undulatory extinction and may contain
deformation bands. The intensity of both features
increased in the quartz grains within fragments
in the cataclasite. Small equidimensional quartz
grains were visible in the whitish matrix and
appeared to be recrystallized grains in the process
of coarsening. Very little detail can be resolved in
the black flinty matrix or in the black flinty bands.

Transmission electron microscopy showed
narrow elongate sub-grains with typical picket
fence type dislocation walls and with a high
density of internal dislocations in quartz grains
from Pipe Rock adjacent to the thrust zones. These
were replaced by a sub-cell structure made of
diffuse walls consisting of hedges of tangled dis-
locations and with very high internal densities of
dislocations. The white flinty matrix consisted of
small (1–5 micron) recrystallized quartz grains
which may contain internal dislocations. Although
no direct evidence was seen, these grains may
have nucleated from the sub-cells. The black flinty
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matrix and especially the black flinty material in the
bands consisted of very small (typically ,1 micron)
irregularly shaped quartz grains which appear to be
growing into each other. Their microstructure
resembles the pressure solution welded microstruc-
ture produced during experiments on quartz rich
gouges that have been re-deformed at temperature
(Rutter & White 1979). Within this microstructure
were grains that have a sub-euhedral outline and
were starting to assume the appearance of a recrys-
tallized grain although grain refinement has been
by comminution.

Moore’s observations indicate that crystal plastic
deformation mechanisms, akin to warm working
which produce sub-grains or cold working which
produce the sub-cells, can contribute to the develop-
ment of a cataclasite. Her observations also indicate
that when grain refinement occurs by cataclasis,
subsequent mass transfer by pressure solution can
lead to a microstructure similar to that produced by
recrystallization. The distinction would lie in the
crystallographic fabric. The quartz grains produced
by the former process should have no marked
crystallographic fabric. But, nor may quartz grains
produced as the result of grain refinement by recrys-
tallization if it induces subsequent deformation by
grain boundary sliding mechanisms.

Differentiating mylonites from schists or

where do the Moine mylonites end and

the Moine schists start?

A cause for the failure by Murchison and, to a lesser
extent, Geikie to recognize the Moine Thrust Zone
was their inability to differentiate mylonites from
regional schists when a mylonite zone is parallel
to the regional foliation (a problem that remains to
this day). It was relatively easy to identify a mylo-
nite associated with the Arnaboll (Lewisian)
gneiss because there was a strong textural gradient
between the undeformed centre and the deformed
margins of the rock. This is not what happens at
the Moine Thrust which, in the Eriboll area, can
juxtapose the Arnaboll gneiss and the overlying
Moine schists. The contact is marked by the varie-
gated schists or phyllitic mylonites of Lapworth
(1885a) or frilled schists of Peach & Horne
(1888). An example of the variegated schists is
shown in Figure 5a.

The variegated schists exhibit extensively devel-
oped quartz segregations, quartz veining and a
strongly developed c-c0 fabric (Passchier & Trouw
2005). Lapworth regarded the fabric of the varie-
gated schists as the product of reworking after
initial mylonitization. That is, the shear bands seen

Fig. 5. Features associated with the Moine Thrust in the Ben Arnaboll-Eriboll area. (a) The variegated schist,
phyllitic mylonite or Oystershell rock. (b) Sheath folds in the platy quartz mylonite at the contact between the variegated
schists and the Moine mylonites. The regional WNW–ESE lineation is folded over the nose of the sheath fold
in the centre of the photograph. (c) Isoclinal recumbent fold in the transition zone between the Moine mylonites and
the Moine schists. The fold axes are parallel to the regional ESE plunging stretching/mineral lineation (see text).
Mylonite zones develop along the attenuated limbs of the folds.
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in Figure 5a are R-shears reworking an earlier
formed mylonitic fabric and are also reworking
earlier generations of R-shears as they back rot-
ated into mechanically harder orientations. There
are multiple generations of quartz veining associ-
ated both with the initial mylonite fabric and with
the later reworking by sequential generations of
R-shears to form the c-c0 fabric.

Above the variegated schists are the quartz
mylonites of Lapworth or the slaty schists of
Peach & Horne (1888) (Figs 5b & 6a). These have
a marked WNW–ESE-trending stretching lineation
which is folded around extensively developed
sheath folds; the nose of one such fold is shown in
Figure 5b. They can have the typical knife-sheath
profile of the first named sheath folds (Carreras
et al. 1977). They tongue out in the direction of
the stretching lineation and may be refolded by a
new generation of asymmetric S-folds with their
axes initially perpendicular to the lineation. These
in turn may tongue out and be re-folded to create
complex deformation patterns giving the false
impression of a multi-event deformation. The
quartz mylonites have a strong asymmetric, single
girdle quartz c-axis fabric (Fig. 7b) that differs
from the type two cross girdle fabric (Fig. 7a) from
quartz bands in the mylonite adjacent to the Arnaboll
thrust at Lapworth’s locality (see also Law et al.
1984, 1986; Law & Johnson 2010). The difference
in quartz c-axis fabric types is thought to reflect
the temperature sensitivity of dislocation slip
systems in quartz (see White et al. 1982); the defor-
mation temperature being lower during production
of mylonites in the Arnaboll thrust than for those
above the Moine Thrust. The factors affecting the
transitions in quartz c-axis fabric types are discussed
in detail by Law & Johnson (2010).

The quartz mylonites above the variegated
schists gradate into the flaggy schists of Peach
et al. (1884, 1885, 1888, 1907), which in turn then
gradate into the augen schists of Lapworth. As
stated previously, both have mylonitic microstruc-
tures (Fig. 6b, c, respectively) and asymmetric
single girdle c-axis quartz fabrics (Fig. 7c, d, res-
pectively). Above these are the tightly folded and
variably mylonitized schists (Fig. 5c) that form a
wide transition zone to the Moine schists (Evans
1984). Fold axes within the transition zone generally
parallel the stretching/ mineral lineation (see
below).

Lapworth (1885a) regarded the schists, like
those shown in Figure 5c, as an assemblage of
rocks ‘so interfolded and interfelted together, that
they can never be separated in the field and must
be mapped simply as ‘metamorphic’. Lapworth
(1885a) and Peach et al. (1884, 1888) described
the metamorphic process that produced these
schists as being, essentially, a mechanical

metamorphism which was more complete than the
mechanical metamorphism that produced the mylo-
nites (chiefly Peach et al. 1884, 1885). Lapworth
(1885a) indicated that a combination of temperature
gradient, strain rate gradient and a gradual change
from a cataclastic deformation process to a plastic
one had produced a gradational change from
Moine mylonites to Moine schists. Peach et al.
(1884, 1888) placed greater emphasis on a tempera-
ture gradient inducing greater crystallization to
produce the schists.

There is no sharp boundary between Moine
mylonites and Moine schists and where it is
mapped can be a subjective choice. Generally, the
boundary has been mapped further into the Moine
schists by successive researchers (compare Peach
& Horne 1884; with Wilson 1953; Soper &
Wilkinson 1975; Evans 1984; Evans & White
1984; British Geological Survey 2000; Holdsworth
et al. 2007; Law & Johnson 2010).

The gradational boundary between the Moine
mylonites and Moine schists at Eriboll was studied
by Evans (1984) and Evans & White (1984). They
pointed out that the mylonites passed into a wide
zone of Moine schists characterized by isoclinal
recumbent folds with fold axes parallel to the
stretching/mineral lineation (Fig. 5c). The limbs
were attenuated and sheared out to form mylonite
zones exhibiting c-c0 and s-c fabrics. The quartz
grains in these zones exhibited well developed
asymmetric single girdle c-axis fabrics similar to
those shown in Figure 7c, d. The asymmetry of
the single girdles displayed by the c-axis fabrics
characteristically indicates a WNW transport direc-
tion. Intriguingly, the quartz grains in the cores of
the folds have a relaxed/recrystallized microstruc-
ture but retain a less pronounced single girdle
c-axis fabric pattern (see Evans 1984; Evans &
White 1984) which is also asymmetric in the
WNW transport direction. The asymmetry provides
a kinematic link between the structures in the Moine
schists and in the mylonites. The net result is that
there is produced, in the transition from Moine
mylonite to Moine schist, a broad zone of rocks,
the transition zone of Evans (1984), consisting of
a number of strands of mylonitized rock anastomos-
ing around the fold hinges where less mylonitized
rock is preserved (see Fig. 5c).

The above inter-relationship between the
sheared, mylonitized limbs of the recumbent folds
and preserved fold hinges continues east with the
spacing between the mylonite zones increasing as
the tightness of the fold hinges decreases and the
wavelength of the recumbent folds increases. This
spatial relationship continues until a major regional
mylonite zone, the Half Way House Zone (Evans
1984) or the Achiniver Zone (Thrust) (Holdsworth
et al. 2007) is encountered (see Fig. 2). The same

S. H. WHITE528



Fig. 6. Examples of typical microstructures from mylonites associated with the Moine Thrust in the Ben
Arnaboll-Eriboll area. (a) Platy quartz mylonite adjacent to the variegated schists. (b) Typical Moine mylonite.
(c) Augen mylonite from within the mylonitized Moine schists (Lapworth’s augen schists). (Scale grid has a diameter
of 3 mm; tectonic transport/mechanical movement is to the WNW and is to the left for each photo micrograph.
Specimens were cut perpendicular to foliation and parallel to the WNW–ESE trending stretching/mineral lineation,
viewing is to the NNE.)
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trend continues to the east of the Achiniver Zone
with less deformed schistose cores preserved
between more widely spaced anastomosing mylo-
nite zones until the next major shear, the Ben
Hope Zone (Slide or Thrust) is encountered
(Fig. 8). The quartz c-axis fabrics of the mylonites
in these zones are characteristic of Moine mylonites
(compare Fig. 9 with Fig. 7; see also Law & Johnson
2010), with the intensity of the fabric increasing in
the more intensely foliated bands in a given zone
(see Fig. 9). The same fabrics from the intervening
schists are more random (Fig. 9c). These and
similar schists in the Eriboll to Ben Hope area
exhibit quartz grains which show marked evidence
for grain growth. However they retain internal
strain features which can be related to dislocation

sub-structures (Evans 1984). Evans associated the
fabric and microstructures of the quartz grains
within the intervening schists with localized relax-
ation as deformation concentrated in the footwall
of the Moine Thrust pile. The result is a regionally
zoned distribution of quartz microstructures reflect-
ing temporal variations in shear zone activity and
intensity. A similar conclusion had been reached
previously by Read (1931) and by Macgregor
(1948); both had noted zoned distributions of
quartz microstructures in the Moine schists. They
described the relaxed quartz grains as being
granulated (Read 1931) or tessellated (Macgregor
1948, 1952).

The Ben Hope Zone was first identified, and
traced out, by Peach et al. (1888) from the coast
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Fig. 7. Typical quartz c-axis fabrics associated with the Moine Thrust Zone in the Ben Arnaboll-Eriboll area
(assembled from White et al.1982). (a) A type two cross girdle fabric from a coarser quartz rich band as shown in
Figure 4f near the structural base of the sheared Lewisian at Lapworth’s outcrop. (b) A sharp single girdle fabric from a
platy quartz mylonite (see Fig. 6a). (c) A single girdle fabric from a typical Moine mylonite (see Fig. 6b). (d) A diffuse
single girdle fabric from an augen mylonite (see Fig. 6c). (Tectonic transport/mechanical movement is to the WNW and
is to the left for each diagram. Specimens were cut perpendicular to foliation and parallel to the WNW–ESE trending
stretching/mineral lineation, viewing is to the NNE.)
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north of the Kyle of Tongue southwards around the
west facing slope of Ben Hope. They recognized a
similar but larger feature, the Naver Zone, farther
to the east (see Fig. 1). It is now known that
these zones form boundaries between the major
sub-divisions of the Moine (see Fig. 1 and
Thigpen et al. 2010).

Early recognition of ‘divisional planes’ in

the Moine schists between the Moine

Thrust Zone and the Ben Hope Slide

(Thrust) Zone in the Eriboll area

Peach et al. (1888) recognized planar structures in
the Moine schists between the Moine Thrust Zone
and the Ben Hope Zone or Slide and across to the
Naver Zone (see Fig. 1). They wrote that there
were major divisional planes within the Moine

schists which truncated minor ones ‘like the major
and minor thrusts in the displaced Silurian strata’
and that ‘as the schists were being driven forward,
the materials were piled on each other to an enor-
mous thickness’. They went on to note that:

1. the first divisional planes in the Moine schists
were frequently truncated by subsequent
thrusts;

2. the divisional planes had a lineation parallel to
those in the crush rock and mylonitic schists
and were post Silurian (i.e. post the Cambro–
Ordovician sediments);

3. the flaggy gneisses and crystalline schists along
the divisional planes differ from the mylonites
under the Moine Thrust-plane because their
matrix is holocrystalline due to the higher
temperatures resulting from a more rapid rate
of movement (a first description of shear
heating).

The first divisional planes that Peach et al. (1888)
were describing are ‘slide zones’ as subsequently
defined by Bailey (1910). They are now called
ductile shears or ductile thrusts. Bailey (1910)
noted that a slide zone was the result of thrusts repla-
cing the attenuated limbs of regional recumbent
folds leaving preserved cores between successive
slides. The slides were not planar but zonal and
the result of plastic deformation at high meta-
morphic temperatures; see review by Hutton
(1979). They were subsequently recognized in the
Moine schists as high temperature syn-metamorphic
ductile shear zones (e.g. see Tanner 1971; Rathbone
& Harris 1980; Powell et al. 1981). The Achiniver,
Ben Hope and Naver Zones above fit Bailey’s
description of slide zones. The deformed rocks
within the slide zones are, by definition, mylonites
but often are not recognized as such because of
their coarse grain size. However, kinematic indi-
cators, including asymmetric quartz c-axis fabrics,
can be used to identify mylonites in the Moine
schists irrespective of the grain size of the mylonites
(Evans 1984; Evans & White 1984; Bretan 1985;
Grant 1989; Holdsworth & Grant 1990). They
found that the asymmetric quartz fabrics were
preserved even when post tectonic grain growth
had occurred in the recrystallized Moine mylonites.

Clough, in a written comment to the paper of
Bailey (1910), stated that there are structures
similar to those in a slide zone not far to the east
of the Moine Thrust. The structures described
above by Evans (1984) and Evans & White (1984),
in the transition zone between Moine mylonites
and the Moine schists, are those of a slide zone
and suggest that the Moine Thrust Zone at Eriboll
was initially located in such a structure. It is inter-
esting to recall that Peach & Horne (1884) and
especially Lapworth (1883) placed the Moine
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Fig. 8. Sketch map showing the mylonite zones in the
Moine schists from the poorly exposed A’ Moine in the
area between the Kyle of Tongue and Strathan Bay, as
indicated in Figure 2. (Modified from Bretan 1985,
drawn by Ryan Thigpen.)
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Thrust Zone at Eriboll in the sheared out limb of
what Lapworth referred to as a major ‘overfold’
and which would fit Bailey’s definition of a slide.

Summarizing this and the previous section, the
Moine schists are divided into major sub-divisions
by mylonitic slide zones. Within the sub-division
bounded by the Moine Thrust Zone and the Ben
Hope Slide are anastomosing arrays of mylonite
zones, on different scales, marking ductile shear
zones (thrusts) which become more closely spaced
as the Moine Thrust Zone is approached. The
more closely spaced mylonite zones preferentially
locate in the most attenuated limbs of recumbent
folds which have their axes parallel to the stretching
lineation in the mylonites. Within the Moine Thrust
Zone a geometrical and genetic relationship

between folds and mylonite zones (thrusts) can
exist as first recorded by Peach & Horne (1884)
and Lapworth (1885a). This relationship can cause
the internal mylonite zones to anastomose. This in
turn can create problems when tracing and naming
a particular mylonite, or shear, zone.

Time span in generating a mylonite

microstructure

There is often the taciturn assumption that a mylo-
nite is generated in a geologically instantaneous
time frame. Peach et al. (1884, 1885, 1888) were
aware that different thrusts at Eriboll were tectoni-
cally active at different times and that the activity

LL

LL

(a) (b)

(d)(c)

Fig. 9. Typical c-axis quartz fabrics from the mylonite zones and Moine schists in the Kyle of Tongue-Strathan Bay
area as shown in Figure 8. (Assembled from Bretan 1985.) (a) From a more intensely foliated mylonite band in the
Strathan Bay Zone. (b) From a more weakly foliated mylonite band in the Strathan Bay Zone. (c) From the Moine schists
between the Strathan Bay and Midfield Zones. (d) From a more intensely foliated mylonite band within the Midfield
Zone. (Tectonic transport/mechanical movement is to the WNW and is to the left for each diagram. Specimens were cut
perpendicular to foliation and parallel to the WNW–ESE trending stretching/mineral lineation, viewing is to the NNE.)
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on a given thrust could be intermittent. In spite of
this the stretching/mineral lineation produced
within the associated mylonites had a constant
orientation to which kinematic indicators were
uniquely related and gave a unique sense of tectonic
transport (see also Law & Johnson 2010, fig. 5a).
That is, the kinematic framework exhibited by the
mylonites was unique and coherent, but was pro-
duced over an extended period of time. Lapworth
was more specific about an extended time period
for development of the variegated schists (see
above). He was aware that in the variegated
schists at Eriboll, a mylonitic microstructure was
produced first and then had to be reworked, along
with generations of added quartz veins, by the
R-shear bands to produce the c-c0 fabric that charac-
terizes their final macro- and microstructure.

The question is: how long did it take to produce
the mylonite microstructure and then to rework it
into variegated schist or, of equal importance, how
long did it take to produce Lapworth’s mylonite
sequence and each rock type in that sequence? We
have techniques to date the crystallization of a
mineral or rock that becomes involved in the mylo-
nitization or a limited number of minerals that are
produced during the mylonitization. But often
these are closure dates, that is they represent the
time that mineral passed through its blocking temp-
erature. Rb–Sr dating of white mica which had
syntectonically crystallized in the Moine mylonites
gave a sub-closure age of c. 430 Ma (Freeman et al.
1998) with a span from 437 to 408 Ma. This is
within the span from c. 440 to 410 Ma for movement
on the Moine Thrust Zone (Johnson et al. 1985;
Kelley 1988; Dallmeyer et al. 2001).

In the case of the variegated schists, sub-closure
temperatures from white mica syntectonically crys-
tallized during production of the original mylonite
texture and during shear band development would
give an indication of the time span represented by
formation of the overall texture. I know of no such
study for mylonites associated with the Moine
Thrust Zone. Such a study using the laser micro-
probe 39Ar/40Ar technique on mylonites, with a
texture similar to the variegated schists, from
Alpine shear zones in the Aegean area indicated a
time span of c. 40 million years in the production
of the texture of a single thin section (Lips 1998;
Lips et al. 1999).

Perhaps, when we look at a mylonitic micro-
structure we should ask ourselves – how long did
it take to form and when did each component in
the microstructure develop?

Mylonite nomenclature and classification

Lapworth (1885a) gave a simple definition of a
mylonite based on field observations at Eriboll;

namely it is a schistose rock associated with a
dislocation (shear plane or zone) and produced
by mechanical metamorphism resulting from the
tectonically induced movement of adjacent rock
masses relevant to one another as solid masses
across that dislocation. He also published a sketch
of what he regarded as a mylonite texture and
sketches of related schistose textures that could
result from mechanical metamorphism, namely a
flaser, an augen and a granulitic texture (see
Fig. 3). Peach & Horne (1884) and Peach et al.
(1888) noted that mylonites also tend to be charac-
terized by a stretching lineation and by asymmetric
internal structures induced by the movement. Lap-
worth (1885a, 1899; Page & Lapworth 1888) and
Peach et al. (1884, 1885, 1888) have provided infor-
mation to help define and recognize a mylonite.

Within less than 50 years of Lapworth’s
definition, Knopf (1931) was to write that, since
Lapworth’s original publication, mylonites have
been ‘variously defined by different geological
writers’. Christie (1960) observed that there was
considerable confusion in the use of the term
‘mylonite’ because some authors had not adhered
to Lapworth’s definition whilst others were un-
aware of it. Time has not improved either the nomen-
clature or the classification of mylonites as indicated
by Spry (1969) and by Snoke & Tullis (1998). Nor
has time improved awareness to Lapworth’s writ-
ings on mylonites. Reference to material related to
mylonites in Lapworth’s books and to their con-
tained sketches of mylonitic and related textures is
rare. I became aware of his books through a refer-
ence to his first book made by Callaway in 1893
and have observed no reference to material in his
books in more recent articles dealing with mylonite
textures, nomenclature and classification.

The initial problems with nomenclature can be
seen in the different views of Lapworth (1885a)
and of Peach et al. (1888) with respect to the
cause of the progression from mylonite to schist in
the Moine Nappe. Both authors agreed that the
grain refinement was by cataclasis and related the
progression to an increase in the crystallization of
the matrix (interstitial paste). Lapworth noted
when the augen schists (augen mylonites) had
been reached in the progression, the interstitial
paste had crystallized out. He went on to relate the
increased crystallization to a lesser differential
motion between component particles (lower strain
rate) and a greater chemical change due to a
change in deformation process from cataclasis to
plastic yielding. Peach et al. (1888) thought that
the increase in the amount and prominence of crys-
tallization of the paste or matrix was due an increase
in temperature (albeit a form of shear heating) fol-
lowing initial cataclasis. Lapworth (1899) further
confused the issue by clearly stating that a mylonite

MYLONITES: LESSONS FROM ERIBOLL 533



is a cataclasite. Teall (1887), when introducing the
term ‘cataclasite’ into the British geological litera-
ture (see earlier section), followed Kjerulf’s (1885)
definition of the term, namely a cataclasite is a rock
largely composed of fragments produced during the
deformation of older rocks. The rocks which Teall
was referring to were banded gneisses. In 1893,
Bonney suggested that from an etymological view-
point a mylonite should be referred to as a catacla-
site and this appears to have been followed by
Lapworth (1899) when he referred to mylonites,
augen schists and flaser schists as cataclastic
types of rock. Knopf (1931) followed Lapworth’s
example and wrote that a cataclasite is a foliated,
cohesive rock with easily recognized fragments. In
her scheme, a mylonite is a cataclasite and vice
versa. Summarizing the above, by the end of the
19th and beginning of the 20th centuries, the terms
‘mylonite’ and ‘cataclasite’ were being used syno-
nymously and this continued as seen in Geikie
et al. (1940, 1953).

Views similar to those of Peach et al. (1888)
were followed until the mid 1970s and formed the
basis for mylonite classification, as seen in Geikie
et al. (1940, 1953), Spry (1969) and in Higgins
(1971). Geikie et al. set up an embryonic classifi-
cation scheme in which both mylonites and catacla-
sites were described as ‘cataclastic rocks’.
Mylonites were foliated and cataclasites were not
foliated or only weakly foliated; the one could
pass ‘by insensible gradations’ into the other. Spry
(1969) reviewed the literature, but overlooked
Geikie et al. (above). He set up a simple classifi-
cation scheme based on the amount of matrix pro-
duced by the crushing and on the texture of the
rock. His mylonitic rocks were characterized by a
foliated matrix and differed from his cataclasitic
rocks which had a massive or unfoliated matrix.
Spry followed the example of Hsu (1955) in regard-
ing cataclasites as being unfoliated, cohesive fault
rocks. But should we use the term cataclasite for a
non-foliated coherent fault rock? Given its com-
mon usage and the desire to prevent further con-
fusion, it is recommended that Spry’s sub-division
is retained but that it has no genetic connotation.
That is, a mylonite is a foliated coherent fault rock
and a cataclasite is an unfoliated coherent fault
rock and cataclasitic and crystal plastic deformation
processes can contribute to the formation of both.

Spry (1969) went on to sub-divide each type of
fault rock on the amount of matrix present and in
doing so followed a point made by Teall (1918)
who recorded that he could no longer deduce the
protolith within a mylonite microstructure and
used this to distinguish a mylonite from a sheared
gneiss. The mylonitic sequence proposed by Spry
is: protolith – protomylonite (10–50% matrix) –
mylonite (50–90%) – ultramylonite (90–100%).

For the field geologist this means that for a protomy-
lonite – protolith can easily be recognized, and
mylonite – protolith can also be recognized, but
ultramylonite – protolith cannot be recognized.
Teall’s mylonite would correspond to Spry’s ultra-
mylonite. The same distinctions hold for Spry’s
unfoliated cataclastic sequence which runs: proto-
lith-protocataclasite-cataclasite-ultracataclasite.

Spry (1969) followed Peach et al. (1888) in
regarding recrystallization, or neo-mineralization,
of the mylonitic matrix as being late and masking
the original cataclastic nature of mylonites. He
used the term ‘blastomylonite’, first used by
Sander in 1912 (see Knopf 1931) if the masking
was near complete. Knopf related a blastomylonite
to Lapworth’s sequence and placed it between Lap-
worth’s augen schist (augen mylonite) and Moine
schist. Microstructurally, it would correspond to
Figure 6c, but with a coarser matrix. Christie
(1960, 1963), in his studies of the Moine mylonites
in the Assynt area, thought that a ‘blastomylonite’
was equivalent to Lapworth’s augen schist (augen
mylonite) (see Figs 3b & 6c) or to the variegated
schist (Fig. 5a). Higgins (1971), in his definition of
a blastomylonite, placed greater emphasis on the
first appearance of recrystallized grains and
defined a blastomylonite as a fine grained mylonite
or ultramylonite produced by concurrent cataclasis
and recrystallization/neo-mineralization. If this
view is followed, then the rock shown in Figure 4f
or in Figure 4e or even in Figure 4d is a blasto-
mylonite (see also White et al. 1982). Sander’s
own figure of a blastomylonite (Sander 1970,
fig. 102) resembles Figure 4e. There has been a
significant lack of consistency in the application of
the term ‘blastomylonite’.

The approach to mylonite classification changed
with the observation by Bell & Etheridge (1973) and
by White (1973a, b, 1976) that grain refinement
to form mylonites could occur by dynamic recrystal-
lization during crystal plastic deformation as well as
by cataclasis. They had rediscovered Teall’s wheel.
This produced classification schemes that empha-
sized the role of crystal plastic deformation
processes, and grain refinement by recrystallization,
in mylonite production. It led to a clear separation
between cataclasites and mylonites based on defor-
mation processes and, in turn, on temperature and
pressure conditions at the time of deformation.
The first example was the scheme of Sibson
(1977) who added deformation conditions as
expressed by seismic and aseismic behaviour to
Spry’s textural classification. Subsequent classifi-
cations have incorporated increasingly sophisticated
elements of crystal plastic deformation, recovery
and recrystallization processes in classification
schemes (Wise et al. 1984; Schmid & Handy
1991). In general, the resulting schemes emphasize
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a clear depth cut-off between cataclasite, above, and
mylonites, below, the c. 300 8C isotherm (see Snoke
& Tullis 1998). Such schemes have three problems
which are listed below.

a) They cease to be field based and cannot be used
as a mapping tool.

b) They cannot be equated to what is seen in
Lapworth’s section and do not fit well into the
gradational progression from mylonite to
schist which Lapworth noted at Eriboll.

c) They ignore the conclusion reached separately
by Teall (1885, 1902 and 1918), Lapworth
(Page & Lapworth 1888; Lapworth 1899) and
Geikie (1903), that cataclastic deformation pro-
cesses with grain refinement by comminution
plus attendant or subsequent grain growth and
plastic deformation processes with grain refine-
ment by granulation (recrystallization) are the
two end members of the deformation processes
that produce mylonites. In most instances both
processes will be involved in the production of
a mylonite and the two end members grade
‘imperceptibly’ into one another. How the gra-
dation occurs is influenced by the rock mix
within the mylonitic mill and later additions,
including water, to that mix as well as the defor-
mation conditions, which may be variable,
within the mill.

In Lapworth’s section at Eriboll, the initial grain
refinement was by cataclasis as preserved in the
low strain hanging wall margin of the Arnaboll
Thrust. The ultramylonites are in the high strain
footwall section; that is where deformation and
presumably uplift has concentrated. In such circum-
stances cataclasis predated mylonitization and
occurred at a greater depth, the switch from catacla-
sis to crystal plastic deformation processes being
due to the development of a mechanically weaker
mineral assemblage. Fracturing and vein formation
is common throughout the variegated schists and
continues through the Moine mylonites (Evans
1984) with multiple generations of quartz veins
being reworked via recrystallization into the mylo-
nites until the veins can no longer be identified on
the basis of microstructure and quartz c-axis fab-
rics. The same happens to quartz-feldspar, epidote
and carbonate veins throughout the Moine Thrust
Zone. The continually changing composition of
what goes into a mylonitic mill affects how the
ingredients in the mill deform over the lifetime of
the mill and this is not taken into account in classi-
fication schemes based on deformation mechan-
isms. As stated above, the use of Spry’s simple
descriptive classification scheme for mylonites
(foliated) and cataclasites (non-foliated) along
with Lapworth’s field based definition, as given
above, is recommended. If this is done, both the

classification and definition of a mylonite are freed
from genetic parameters which are often subjective.
The IUGS have followed a somewhat similar
approach (see Brodie et al. 2007) although subjec-
tivity remains.

Finally, where does a blastomylonite fit?
Currently it is described as a mylonite showing pro-
nounced grain growth (Sibson 1977) or pronounced
static (post tectonic) recrystallization (Passchier &
Trouw 2005). The two processes differ as the former
is a re-adjustment of the grain structure without
involving a phase of new grain nucleation as requi-
red for recrystallization. However the end product of
both processes is the same, namely, the schistose
appearance of the mylonite becomes more granular
or gneissic. The use of the pre-fix ‘gneissic’ to dis-
tinguish such mylonites, as indicated by Lapworth
(Page & Lapworth 1888; Lapworth 1899) removes
genetic connotations associated with the term
‘blastomylonite’ and the term should not be used,
especially given its inconsistent use in the past.

Conclusion

Many lessons were learnt and many can still be
learnt from the studies undertaken, in the 19th
century, on the mylonites at Eriboll and elsewhere
within the Moine Thrust Zone. The works of Lap-
worth, of Peach, Horne and co-workers and, to a
lesser extent, of Callaway, Teall and Geikie, are of
special importance. A personal choice of some
lessons is listed below.

1. The first, and most important, lesson is the
value of high quality field-work/mapping
guided by what is present and not what fits an
‘in vogue’ hypothesis. It would appear that
Murchison and Geikie followed the latter
approach and they were proven wrong –
a lesson well worth heeding. The field is
geology’s fundamental laboratory by which
all geological hypotheses, irrespective of
their origin, must ultimately be constrained.

2. Also of importance is the research of our pre-
decessors. Much of it is of high quality based
on sound observation and logical scientific
deduction. If we neglect such research we
not only run the likelihood of ‘rediscovering
the wheel’ but can also inhibit the advance-
ment of our science. The controversies that
have been associated with many aspects of
mylonite studies, for example, definition,
nomenclature, recognition, associated defor-
mation processes, kinematics, flow and
tectonic transport directions and the signifi-
cance of stretching/mineral lineations, lar-
gely have arisen because of failure to take
into account what was written by people
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such as Lapworth, Teall, Peach and Horne and
co-workers and Geikie.

3. Lapworth gave a simple definition of a mylo-
nite which remains adequate, namely it is a
schistose rock associated with a dislocation
(shear or fault zone) and produced by mechan-
ical metamorphism (shear and fault zone
related metamorphism) resulting from the tec-
tonically induced movement of adjacent rock
masses relevant to one another as solid masses
across that dislocation. Peach, Horne and co-
workers noted that mylonites also tend to be
characterized by a stretching and/or mineral
lineation and by asymmetric internal struc-
tures, to which crystallographic fabrics can
be added, induced by the movement. Taken
together, they have provided sufficient infor-
mation to define a mylonite and have given
criteria to aid the recognition of a mylonite
in the field.

4. Lapworth’s original definition, and later sup-
plementary additions, should form the basis
for nomenclature and classification schemes.
Spry has presented a simple scheme which
takes into account both foliated fault rocks
(mylonite series) and non-foliated fault
rocks (cataclastic series) and which should
be used so long as no genetic connotations
are implied. The term ‘blastomylonite’ has
been used so inconsistently that its use
should be discontinued.

5. Lapworth, Teall and, later, Geikie realized
that both cataclastic and crystal plastic defor-
mation processes can produce a mylonite.
They saw these as the two end member pro-
cesses which can imperceptibly grade into
one another; most mylonites and cataclasites
will result from interplay between both. Lap-
worth’s outcrop at Ben Arnaboll shows the
complexity of such interplay between these
processes; a complexity that we must take
into account when modelling the rheology of
mylonite zones in crustal and upper mantle
environments.

6. The following three questions, first posed
by Teall in 1885, relating to the interplay
between cataclastic and crystal plastic defor-
mation processes during mylonitization
remain as relevant today as they did then.
a) Under what conditions is the deformation

accompanied by a crushing of the individ-
ual constituents?

b) Under what conditions is it accompanied
by entire molecular rearrangement
(crystal plastic deformation and
recrystallization)?

c) Under what conditions do these two more
or less opposites occur at the same time?

7. We should heed the observation by Lapworth
and by Huddleston that external material,
including water, can be continually added to
the mylonitic mill during the production of
a mylonite.

8. Peach, Horne and co-workers were the first to
identify and define a stretching lineation in
mylonites from Eriboll. They established
that its orientation was uniquely related to
the direction of tectonic transport by using
the thrust geometries and by the first use of
shear sense indicators. It would be another
hundred years before the use of shear sense
indicators became a widely used technique
in structural studies.

9. Peach, Horne and co-workers appear to have
used the kinematic relationship between a
stretching lineation and associated shear sense
indicators to successfully identify shear/
mylonite zones in the Moine schists to the
east of the Moine Thrust Zone in the Eriboll
area. In spite of this, the identification of mylo-
nite zones within regional schists, especially
if they are parallel to the regional foliation,
has been, and still can be, controversial.

10. Lapworth and Peach, Horne and co-workers
realized that not only could there be a tem-
poral difference in the tectonic activity of
different mylonite zones in a given area or
structure (e.g. the Moine Thrust Zone) but
also within an individual mylonite zone.
That is, not all mylonite zones associated
with a major shear zone structure were
active at the same time and within a given
mylonite zone activity could be intermittent
or protracted. This is a lesson we are still to
learn. The next time we hold a mylonite
hand specimen or look at a thin section of a
mylonite, we should ask the following: how
long did it take to produce the overall myloni-
tic texture and when did the individual com-
ponents in that texture form?

11. Finally, Lapworth’s mylonite locality at Ben
Arnaboll illustrates the futility associated
with relying on a single hand specimen or
single thin section to fully characterize the pro-
cesses that went on within the mill that pro-
duced a mylonite or an ultramylonite from
its protolith, unless the sample or thin-section
covers the entire mylonite zone under study.
But even then caution must be exercised.
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patience as this contribution evolved from draft to final
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tive reviews which made me think more deeply about
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draft of his paper which appears in this volume. The staff,
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Abstract: Since the early descriptions published by Callaway in 1884, the gently dipping mylo-
nites exposed along the Moine Thrust at the Stack of Glencoul have drawn generations of geologists
to the northern part of the Assynt district. These mylonites, derived from Cambrian quartzites (foot-
wall) and Moine pelites and psammites (hanging wall), have figured prominently in: a) early
research into the influence of crystal plastic deformation and recrystallization on microstructural
and crystal fabric evolution; b) debates on the kinematic interpretation of macro- and micro-
structures and crystal fabrics; and c) debates on the tectonic significance of such kinematic data.
In this paper first we briefly review the historical aspects of this research and then, using both pre-
viously published and unpublished data, document the finite strain and quartz fabric development
at this classic mylonite locality. A tectonic interpretation of these data, together with quantitative
estimates of flow vorticities associated with mylonite formation at the Stack of Glencoul, are
presented in a companion paper by Law (2010).

The Moine Thrust zone (Fig. 1) consists of a series
of east-dipping thrusts sheets made up of Archaean
(Lewisian) gneiss, Proterozoic (Torridonian) meta-
sediments and Lower Cambro-Ordovican shelf sedi-
ments that were thrust to the WNW over a foreland
sequence of similar stratigraphic units during the
Caledonian orogeny between c. 437–400 Ma (see
review by Strachan et al. 2002; Butler 2009).
Although there is considerable along-strike vari-
ation, deformation within the thrust zone typically
varies from a brittle nature (shallow crustal levels)
along the thrusts cropping out in the west (foreland)
to a more ductile nature (crystal plasticity of quartz
at deeper crustal levels) in the east (see review by
Knipe 1990). The Moine Thrust (sensu stricto) is
structurally the highest thrust within the thrust
zone; it crops out furthest to the east, has tradition-
ally been considered to be the oldest of these
thrusts (but compare discussions by Peach et al.
1907, pp. 471–473; Elliott & Johnson 1980;
Butler 2004, 2010) and carries Proterozoic age
metasediments of the Moine Nappe westwards
over rocks of the thrust zone and/or foreland

(Fig. 1). Particularly in the northern part of the
thrust zone, the Moine Thrust is often spatially
associated with thick zones of mylonite (metres to
tens of metres) in its immediate footwall and/or
hanging wall (Peach et al. 1907). These mylonites
have been the subject of numerous microstructural
and crystal fabric studies over the last century
with the majority of studies taking place since the
mid-1950s (see review by Law & Johnson 2010).

Arguably the most spectacular exposures of
mylonite found anywhere along the length of the
Moine Thrust zone are located at the Stack of Glen-
coul in the northern part of the Assynt region
(Fig. 1). Here mylonites are derived from both
semi-pelitic Moine metasedimentary rocks and
Cambrian quartzites (Fig. 2). These platy or slab-
like mylonites are characterized by a strongly devel-
oped foliation, which dips gently to the ESE, and a
weakly developed grain shape stretching lineation
which plunges down the dip of the foliation planes
sub-parallel to the Moine Thrust zone transport
direction. Temperatures of mylonite formation are
estimated at 300–350 8C (Johnson et al. 1985).

From: LAW, R. D., BUTLER, R. W. H., HOLDSWORTH, R. E., KRABBENDAM, M. & STRACHAN, R. A. (eds) Continental
Tectonics and Mountain Building: The Legacy of Peach and Horne. Geological Society, London, Special Publications,
335, 543–577. DOI: 10.1144/SP335.23 0305-8719/10/$15.00 # The Geological Society of London 2010.



Microstructural and crystal fabric data from the
Stack of Glencoul mylonites have historically
played important roles in debates on: (a) the defor-
mation mechanisms responsible for mylonite for-
mation; (b) kinematic interpretations of fabric
symmetry (e.g. the simple shear v. pure shear
debate); and (c) whether departures from strict
simple shear can occur during natural deformation –
and the tectonic implications if this does occur.
Because of its international significance to research,
the Stack of Glencoul is a nationally designated Site
of Special Scientific Interest (see review by
Mendum et al. 2009), and is one of the most fre-
quently visited sites for undergraduate teaching
within the entire Moine Thrust zone. Visitors
should not hammer these outcrops or collect from
either the outcrops or from the mylonite talus.

In this paper we briefly review published micro-
structural and crystal fabric work on the Stack of
Glencoul mylonites and then integrate this work
with previously unpublished strain and quartz
crystal fabric data (both single grain optical and
bulk sample X-ray diffraction), particularly concen-
trating on the role of dynamic recrystallization in
fabric development. In a companion paper (Law
2010) these strain and fabric data are used to quan-
titatively estimate flow vorticities associated with
mylonite formation using analytical techniques
that have only been developed over the last 10–15
years and postdate previously published work on
the Stack mylonites. This companion paper con-
cludes with a discussion of the structural and tec-
tonic implications of the integrated strain and
vorticity data, and is followed by a detailed SEM-
based microstructural, petrofabric and seismic ani-
sotropy study of one of our mylonitic Cambrian
quartzites samples, using the electron back scattered
diffraction (EBSD) technique (Lloyd et al. 2010).

Historical background to structural/

tectonic significance of Stack mylonites

The microstructures in the mylonitic Cambrian
quartzites at the Stack of Glencoul were first
described by Callaway (1883, 1884) who noted
both the flattening of detrital grains and distor-
tion/lengthening of ‘worm burrows’ (Skolithos)
which he perceptively interpreted as being caused
by ‘a force pushing from the east’ (Callaway
1884, p. 221). Callaway concluded that these inten-
sely deformed quartzites had ‘. . . undergone great
compression, the fragments being crushed, flattened
out, and “packed” together as one sees in slates’
(Callaway 1884, p. 221). Interestingly, this clear
microstructure-based interpretation of deformation
processes in the Stack of Glencoul tectonites pre-
ceded by one year publication of the internationally
far more well known and influential paper by Lap-
worth (1885) describing similar deformation pro-
cesses associated with deformation of Lewisian
gneiss above the Ben Arnaboll thrust in the Loch
Eriboll part of the Moine Thrust zone (Fig. 1). It
was in this paper that Lapworth coined the name
‘mylonite’ for rocks produced by such grain-scale
processes of crushing and fracture (see reviews by
Teall 1918, pp. 1–3; White 1998, 2010; Law &
Johnson 2010).

Following the early (but very limited) descrip-
tion by Callaway, no further microstructural work
was carried out on the mylonites exposed at the
Stack of Glencoul until the early 1950s PhD work
by John Christie at Edinburgh University on the
microstructures and crystal fabrics of mylonites in
the Assynt region – which included the Cambrian

Fig. 1. Simplified geological map of the northern part of
the Moine Thrust zone, NW Scotland, showing location
of main mylonites in footwall to Moine Thrust.
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quartzites and overlying Moine rocks at the Stack of
Glencoul (Christie et al. 1954; Christie 1956, 1960,
1963). This seminal work was of historical impor-
tance for: (a) recognizing that ribbon-like quartz
grains – particularly in the Cambrian quartzites at
the Stack Glencoul – were due to high strain
plastic deformation (Christie 1963, p. 405 and
439); (b) recognizing that the extremely small (typi-
cally ,15 micron) equant quartz grains in these
mylonites were the result of recrystallization
during thrusting (Christie et al. 1954, p. 220;
Christie 1960, p. 90; Carter et al. 1964) rather than
fracture processes (cataclasis); and (c) documenting
the high degree of quartz crystallographic preferred
orientation in the mylonites (Christie 1963) which,
on microstructural criteria were clearly associated
with this plastic deformation and dynamic recrystal-
lization. These papers helped to establish a paradigm
shift in the early 1970s from a previous understand-
ing that mylonitization is primarily associated with
cataclasis to the present day view (based on micro-
structural similarities with deformed metals) that
mylonites are associated with crystal plastic defor-
mation and dynamic recrystallization (e.g. Bell &
Etheridge 1973; Tullis et al. 1973; White 1973).

However, a potential problem existed concern-
ing the timing of crystal fabric development relative
to plastic deformation and dynamic recrystalliza-
tion. This was because the quartz c-axis fabrics
which were optically measured by Christie in
these mylonites – and particularly those from the
large, relatively easily measured, relict detrital
grains in the Cambrian quartzites at the Stack of
Glencoul – displayed a high degree of symmetry
with respect to foliation and lineation. Christie
(1963, pp. 405–406) argued that these symmetrical
fabrics must indicate a late (post thrusting) coaxial
flattening superimposed on original asymmetrical
fabrics that one would intuitively expect to be associ-
ated with thrust-related shearing. Although not expli-
citly discussed at the time, this interpretation was
clearly in conflict with the microstructural evidence
for plastic deformation (which must be responsible
for the fabrics measured by Christie in the relict detri-
tal grains) and recrystallization being syntectonic
(Christie et al. 1954, p. 220; Christie 1960, p. 90).

Historically, the high symmetry crystal fabrics
reported by Christie (1963) from the Moine Thrust
mylonites have played a prominent role in later
debates on whether fabric symmetry can be used
as at least a qualitative kinematic (vorticity) indi-
cator (e.g. simple shear v. pure shear deformation)
and if departures from strict simple shear can
occur in natural deformation. For example,
Johnson (1967) has argued that the symmetrical
(orthorhombic) fabrics in the Stack mylonites,
taken in conjunction with strain measurements on
highly deformed Skolithos worm burrows (pipes)

in the mylonites, indicate a vertical ‘flattening’
(0 , k , 1 on the Flinn diagram) deformation that
‘may not necessarily be related to any large scale
horizontal translative movement’ (i.e. thrust-
related shearing). Although the terminology used
is different from that employed today, Johnson per-
ceptively argued that, unless mylonitization was
accompanied by volume loss, this ‘flattening’ (i.e.
non-simple shear) deformation would in itself
result in displacement of material within the mylo-
nite zone relative to surrounding undeformed
rocks (Johnson 1967, p. 247). Such arguments
would later be used by other workers both as evi-
dence for and against ductile extrusion as a viable
tectonic processes (cf. Ramsay & Huber 1987,
pp. 611–613; Law et al. 2004; Grasemann et al.
2006; Williams et al. 2006; Xypolias & Kokkalas
2006; Xypolias et al. 2010).

A potentially closely related problem here is that
the internal regions of many orogenic belts are
characterized by flat-lying or gently dipping foli-
ations orientated sub-parallel to the boundaries of
nappes or thrust sheets; this is also true of the mylo-
nite zones associated with the Moine Thrust and
overlying Moine Nappe. As recently discussed by
Ring & Kassem (2007), production of flat-lying
foliations by horizontal simple shear deformation
requires extremely high-shear strains throughout
the entire thickness of the nappe pile, and yet quan-
titative strain studies commonly indicate that strain
magnitudes are far lower than required to produce
such flat-lying foliations in simple shear (Holds-
worth & Grant 1990; Simpson & DePaor 1993,
1997; Kassem & Ring 2004). Additionally, esti-
mated finite strains in such tectonites frequently
depart from plane strain (k ¼ 1) deformation that
should be produced in strict simple shear (Hossack
1968; Dayan 1981; Law et al. 1984, 1986;
Holdsworth & Grant 1990). This suggests that
nappe emplacement – at least in the lower ductile
crust – most likely occurs by a combination of
simple shear with a pure shear component of vertical
flattening/shortening. The vertical pure shear com-
ponent could in theory predate, be synchronous
with, or postdate the thrust-related simple shearing.
Regardless of timing, however, a component of
vertical pure shear shortening must, as pointed out
by Johnson (1967) and later workers, result in hori-
zontal stretching (extrusion) with attendant space
problems that must be compensated for by processes
such as volume loss or extrusion towards the synoro-
genic topographic surface, or by linkage to other
structural processes operating at shallower crustal
levels. Stated differently, significant components
of pure shear deformation at deeper crustal levels
may act as drivers for synchronous structural pro-
cesses operating up transport direction at shallow
crustal levels.
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This brings us back to the question of when the
symmetrical c-axis fabrics measured by Christie
(1963) on relict detrital quartz grains in the flat-lying
Stack mylonites developed relative to thrusting.
Here it needs to be emphasized that no account
was taken of potential domainal partitioning of
fabric development (at either the thin section or
outcrop scale) in the seminal paper by Christie
(1963). Subsequent X-ray texture goniometry work
by Riekels (1973), Riekels & Baker (1977) and
Baker & Riekels (1977) on a sample of mylonitic
Cambrian quartzite collected by Christie (1956,
1963, his sample 62) from the Stack of Glencoul
produced asymmetrical crystal fabrics which con-
trasted with the symmetrical fabric measured opti-
cally by Christie (1963) on large detrital grains in
the same sample. They attributed this discrepancy
to the difficulty of measuring c-axes of very small
(,10–15 microns) recrystallized quartz grains
(which could form the asymmetrical element of a
bulk fabric pattern) with the optical microscope.
This opens up the possibility of a thin-section to
grain-scale strain path (and hence fabric) partition-
ing between the large relict detrital grains and the
surrounding fine grained dynamically recrystallized
matrix in the mylonites.

Following these landmark papers critically
important evidence for outcrop-scale strain path
partitioning in the mylonitic Cambrian quartzites
at the Stack of Glencoul was described by Law
et al. (1986) who in a vertical transect through
these mylonites documented a profound change in
microstructures and both optically measured c-axis
fabrics, and a-axis fabrics measured by X-ray
texture goniometry, with distance beneath the over-
lying Moine Thrust (Fig. 3). Close to the thrust, non-
coaxial deformation was indicated by asymmetrical
c- and a-axis fabrics, the sense of asymmetry in
these more highly deformed and recrystallized
quartzites being consistent with WNW directed
over-thrusting. At distances of greater than 30 cm
beneath the thrust, essentially coaxial deformation
was qualitatively indicated by c-axis fabrics
(measured on detrital [old] grains) and a-axis
fabrics which were symmetrical with respect to foli-
ation and lineation. Law et al. (1986) argued that
formation of the asymmetrical fabrics (non-coaxial
deformation) in the immediate footwall to the
thrust must have been either contemporaneous
with, or later than, formation of the symmetrical
fabrics. This is in marked contrast to the original
interpretation by Christie (1963, p. 405) that the
symmetrical fabrics indicated a relatively late
period of vertical coaxial shortening overprinting
asymmetrical fabrics produced during thrust
related shearing; see also discussion by Lister &
Williams (1979, pp. 292–293). Almost simul-
taneously with publication of these results, similar

fabric-based evidence for strain path partitioning
within thrust sheets began to be independently
recognized in other orogenic belts (e.g. Betic Cor-
dillera of Spain; Platt & Behrmann 1986).

Although the work reported by Law et al. (1986)
arguably represented some advance on the classic
paper by Christie (1963), much remained to be
done on the Stack mylonites. This includes the
following four key problems.

1. No quantitative three-dimensional strain analy-
sis had been carried out on these mylonites,
although strain magnitude estimates had
previously been attempted using deformed
Skolithos burrows (Pipe Rock) exposed at one
horizon in the Cambrian quartzites and assum-
ing either strict pure or simple shear (McLeish
1971; Wilkinson et al. 1975).

2. No microstructural data and only limited
crystal fabric data had yet been obtained from

Moine Thrust

Mylonitic foliationc

c a

c a

Fig. 3. Schematic illustration (viewed towards the NNE)
of quartz c- and a-axis fabric variation with distance
from the Moine Thrust at the Stack of Glencoul, NW
Scotland. XZ projection plane used in all fabric
diagrams. c-axis fabrics within mylonitic Cambrian
quartzites beneath the thrust range from asymmetrical
kinked single girdles (new grains) at 0.5 cm beneath the
thrust, through asymmetrical cross-girdle fabrics to
symmetrical cross-girdle fabrics (detrial grains) at 30 cm
beneath the thrust. c-axis fabric transition is
accompanied by a concomitant transition from
asymmetrical single a-axis point maxima fabrics (0.5 cm
beneath thrust) through asymmetrical two maxima
fabrics to symmetrical two point maxima fabrics (Law
et al. 1986, Law 1987). Deformed quartz veins within
phyllosilicate-rich mylonitic Moine metasediments lying
above the thrust are all characterized by asymmetrical
single girdle c-axis fabrics. From Law (1990).
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the mylonitic Moine rocks which have been
thrust over the Cambrian quartzites.

3. Although asymmetrical crystal fabrics from
new (i.e. dynamically recrystallized) grains
had been measured in the dominantly recrystal-
lized quartzites located close (,30 cm) to
the overlying Moine Thrust, only optically
measured c-axis fabrics had been measured
on relict detrital grains (symmetrical fabrics)
in the quartzites at greater distances beneath
the thrust. The possibility of thin-section scale
strain path partitioning between these large
relict detrital grains and the surrounding
matrix of dynamically recrystallized grains
remains to be explored.

4. At that time only qualitative kinematic indi-
cators (fabric symmetry) were available for
assessing likely flow vorticities (with potential
simple or pure shear end members) and quanti-
tative techniques for determining (at least time-
averaged) vorticities in terms of vorticity
numbers (e.g. Wallis 1992, 1995; Simpson &
De Paor 1993, 1997; Wallis et al. 1993) had
yet to be developed.

These tasks are addressed in this paper and the
companion paper by Law (2010).

Structural setting and sampling profile of

mylonites exposed at Stack of Glencoul

The tectonic junction taken to represent the Moine
Thrust (sensu stricto) at the Stack of Glencoul has
been the subject of some controversy. The foliation-
parallel ductile contact (Figs 4a–c; see also photo-
graphs in Law et al. 1986, figs. 2 & 3a, b; Law
1998, pp. 490–491; Howarth & Leake 2002,
p. 66) between the mylonitic Cambrian quartzite
and similarly deformed overlying Moine metasedi-
ments (and ?Lewisian rocks) was regarded by
Peach et al. (1888, p. 417), C.T. Clough (in Peach
et al. 1907, p. 503), Christie (1956, 1963, p. 363;
1965), Weathers et al. (1979), Coward (1983),
Law et al. (1986), Law (1987, 1998) and Butler
(2009) as marking the position of the Moine
Thrust. However, Johnson (1965) considered the
Moine Thrust (sensu stricto) to be a late brittle
feature, thus creating the necessity to place the
thrust at the base of the mylonitic Cambrian quart-
zites in the unexposed ground between these
strongly deformed tectonites and the underlying,
relatively weakly deformed, Cambrian quartzites
(Johnson in Macgregor & Phemister 1972, p. 63).
This structural position has been followed by
McLeish (1971), Wilkinson et al. (1975), Johnson
& Parsons (1979) and Elliott & Johnson (1980).
Here we will adopt the former (and historically
earlier) definition of the Moine Thrust at the Stack

of Glencoul (Fig. 2). We do agree, however, that a
potentially important – but unexposed – gently
dipping fault probably marks the base of the mylo-
nitic Cambrian quartzites and separates these inten-
sely deformed rocks from underlying Cambrian
quartzites which have only a very weakly developed
grain shape fabric (Law et al. 1986, figs. 4a & b).

Both the mylonitic Cambrian quartzites and
overlying Moine rocks at the Stack of Glencoul
(Fig. 2) are characterized by a strongly developed
foliation, which dips gently (16–308) to the ESE,
and a rather weak grain shape stretching lineation
which plunges down the dip of the foliation planes
parallel to the transport direction inferred from
thrust geometries. These platy or flaggy mylonites
are typically S . L tectonites. The orientated
samples described in this paper were collected
in the early 1980s (before designation as a Site
of Special Scientific Interest) in a vertical traverse
of mylonitic Moine and underlying Cambrian
rocks from the NW crags of the Stack of Glencoul
(Fig. 2). The mylonitic quartzites contain at least
one horizon (Fig. 2; specimen SG8) of intensely
deformed Cambrian Pipe Rock (Law et al.
1986, fig. 3c).

Microstructures of the mylonites

The microstructures of the mylonitic Cambrian
quartzites and Moine rocks at the Stack of Glencoul
were first described in detail by John Christie (1956,
1963) in his thesis work on the Assynt mylonites. As
outlined above, Christie recognized that the intense
internal straining and ribbon-grain development of
quartz grains in these mylonites (Fig. 5b, c) was
due to crystal plastic processes, and was also
amongst the first geologists world-wide to recognize
that the small (,15 micron) equant quartz grains
(e.g. Fig. 5a) in such tectonites were due to
dynamic recrystallization rather than cataclasis
(Christie 1960; Carter et al. 1964).

Details of variation in microstructures of the
Cambrian quartzites with depth beneath the Moine
Thrust have been given by Weathers et al. (1979),
Law et al. (1986) and Law (1987, 1998). At dis-
tances greater than 40 m beneath the thrust, individ-
ual detrital quartz grains are slightly flattened and in
XZ sections (cut perpendicular to weakly developed
foliation and parallel to lineation) display aspect
ratios ranging between 2:1 and 4:1 with undulose
extinction, deformation bands and sub-basal defor-
mation lamellae. Recrystallization of quartz is of a
very minor nature (,5%), being confined to a few
deformation bands and detrital grain margins.

Due to lack of exposure on the NW side of the
Stack of Glencoul a sampling gap exists between
the weakly deformed quartzites located at greater
than 40 m beneath the thrust and the intensely

R. D. LAW ET AL.548



Fig. 4. Moine Thrust plane at Stack of Glencoul. All photographs and micrographs are viewed towards the NNE, at
right angles to the transport direction. From Law 1998. (a) Exposure of the Moine Thrust at the Stack of Glencoul (Law
et al. 1986). Mylonitic Cambrian quartzite (Q) underlying similarly deformed Moine rocks (M); arrow marks position of
Moine Thrust. (Since 1986 large sections of these spectacular exposures have been destroyed through thoughtless
sample collection by unidentified geologists.) (b) Contact between Moine rocks (M) and mylonitic Cambrian quartzite
(Q) marking position of the Moine Thrust (sample SG-1). Polished surface cut perpendicular to foliation and parallel to
lineation; note ESE-dipping listric extensional fault which off-sets mylonitic foliation in the quartzites. (c) Optical
micrograph of thin section cut from the polished surface of sample SG-1 illustrated in photograph B (Law 1998). Moine
Thrust plane separates the phyllosilicate-rich Moines (M) of the hanging wall from the mylonitic Cambrian quartzites of
the footwall. Note minor listric extensional fault zone (e-e*) with displacement down to the ESE which off-sets the
mylonitic foliation in the quartzites. This extensional fault zone, which is marked by extremely fine grained (, 10
micron) dynamically recrystallized quartz, predates a quartz vein (V-V*) which truncates the Moine Thrust, but is
sheared over to the WNW in the Moine rocks. The deformation of this vein and the extensional fault zone indicates
intermittent changes in the strain path and deformation mechanisms from subhorizontal thrust sheet extension (by
dislocation creep and veining) to WNW directed shearing during the late stages of mylonite evolution (Knipe 1990; cf.
Bell 2010).
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deformed quartzites (Figs 2 & 4) located at less than
9.6 m beneath the thrust. Within these strongly
developed S . L and L-S tectonites the mylonitic
foliation is defined in thin section by a preferred
alignment of flattened relict detrital quartz grains.
In XZ sections these flattened grains display vari-
able aspect ratios both within individual thin sec-
tions (Fig. 5b, c) and from one specimen to
another. Feldspar and epidote clasts are present as
a minor grain fraction (,5%) in these mylonites;
both appear to have acted as mechanically rigid
phases around which trails of recrystallized quartz
anastomose.

No convincing systematic increase in degree of
quartz grain flattening, when traced towards the
overlying Moine Thrust, has been detected within
the quartz mylonites collected at between 8.5 m
and 0.3 m beneath the thrust. Ribbon-like quartz
grains are observed in all these specimens, typically
displaying aspect ratios of between 50:1 and 100:1
with long dimensions commonly measuring
2–3 mm in XZ sections. At least some of these
ribbon grains may be plastically deformed veins;
their cross sectional areas are typically many times
larger than surrounding deformed detrital grains
(Fig. 5b). In other cases it can be demonstrated
that ribbon grains with smaller cross-sectional
areas have been produced by kink bands in detrital
quartz grains developing parallel to foliation. Pre-
ferential recrystallization along the boundaries of
these deformation bands has then separated the
deformation bands in these individual detrital
grains, producing foliation-parallel relict grains
(ribbons) which give a false impression (overesti-
mate) of the degree of grain flattening (Fig. 5b).
Globular quartz grains whose c-axes are either
orientated at a low angle to the foliation pole, or
(in rare cases), subparallel to the sample lineation,
have been observed within all these mylonites;
more flattened grains anastomose around these glob-
ular grains (Fig. 5b, c). These globular quartz grains
were interpreted by Law et al. (1986) as indicating
that a significant component of coaxial (pure shear)
deformation was associated with formation of
these mylonites. In contrast, Bell & Johnson (1990,
p. 443) argued that the consistently orientated large
and rigid quartz grains in the Stack of Glencoul
mylonites provided supporting evidence for their
controversial suggestion that porphyroblasts do not
rotate during non-coaxial deformation.

The volume fraction of quartz recrystallization
within the mylonitic Cambrian quartzites varies
from 40–75%. The recrystallized grain size
appears to remain fairly constant at approximately
10–15 microns (at least in XZ thin sections).
Recrystallized grains are fairly equant in XZ thin
sections, but more elongate (sub-parallel to foli-
ation) in YZ sections, suggesting a tube-like 3D

Fig. 5. Mylonitic Cambrian quartzites at the Stack of
Glencoul (from Law 1998). All thin sections are
orientated perpendicular to foliation and parallel to
lineation; micrographs are viewed towards the NNE, a
sinistral shear sense being compatible with WNW
directed overthrusting. (a) Quartzite at 0.5 cm beneath
the thrust. A preferred alignment (SB) of elongate
dynamically recrystallized quartz grains dips more
steeply to the ESE than the mylonitic foliation (SA)
observed in hand sample; both microstructures and
crystal fabrics indicate a sinistral shear sense (sample
SG-1). Crossed polarized light. (b) Quartzite at 8.5 m
beneath the thrust. Mylonitic foliation (SA) defined by
planar zones of recrystallized quartz and ribbon-like
relict detrital grains (sample SG-13). Ribbon grains
anastomose around a ‘hard orientation’ globular quartz
grain (G) of possible detrital origin, suggesting an
approximately coaxial bulk deformation history. Crossed
polarized light. (c) Quartzite at 4.6 m beneath the thrust
(sample SG-10). Large globular quartz grains (G) aligned
parallel to foliation are remnants of a single ribbon-like
parent grain which has been partially destroyed by the
processes of lattice kinking, grain boundary migration
and subgrain rotation. These ‘hard orientation’ globular
grains (c-axes perpendicular to foliation) were
interpreted by Law et al. (1986) as indicating that at least
the last strain increments may have been coaxially
superimposed. Crossed polarized light.
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recrystallized grain shape orientated parallel to the
sample Y direction. This tube-like grain shape is
also indicated by the fact that it is possible to
measure optically the c-axis orientation of many
15 micron diameter grains in XZ thin sections of
standard 30 micron thickness; see also discussion
by Strine & Wojtal (2004) on 3D recrystallized
grain shapes in Moine Thrust zone mylonites
exposed in northern Assynt.

At distances less than 0.15 m beneath the Moine
Thrust, quartz recrystallization is more advanced
(locally 60–100%) than at greater distances
beneath the thrust, with relict detrital grains only
locally being preserved. At the contact between
the mylonitic quartzites and the overlying Moine
rocks (central part of specimen SG-1; Fig. 4b) the
quartzite is almost totally recrystallized and myloni-
tic foliation is defined in XZ thin sections by a pre-
ferred alignment of highly elongate domains of
recrystallized quartz grains of similar crystallo-
graphic orientation. Within these domains, individ-
ual elongate recrystallized quartz grains display in
XZ thin sections a preferred alignment (Sb) which
is oblique to the mylonitic foliation (Sa), the sense
of obliquity being compatible with the top-to-the-
WNW shear sense inferred from regional thrust
geometries (Fig. 5a). The foliation, as seen in thin
section, appears to be parallel (þ/228) to both
the Cambrian quartzite–Moine contact (i.e. the
Moine Thrust) and the foliation in the overlying
phyllosilicate-rich Moine rocks (Fig. 4; see also
micrographs in Law et al. 1986, fig. 3b; Knipe
1990, fig. 9.3; Law 1998, p. 491). At this locality
the Moine Thrust dips at 208 towards 1108, the
grain shape lineation within the foliation plunging
at 188 towards 1188 in both the Cambrian quartzite
and Moine rocks.

Foliation in the overlying mylonitic Moine
pelites and psammites is defined by a preferred
alignment of phyllosilicates (chlorite and white
mica) and minor planar domains of dynamically
recrystallized quartz (grain size less than 10
microns). Foliation locally anastomoses around
equant-elongate clasts of felspar, epidote and
opaques, the clasts occasionally displaying either
sigma or delta tails. Within the Moine rocks myloni-
tic foliation becomes more intensely developed
(platy) traced downwards from the summit of the
Stack of Glencoul to the underlying Moine Thrust
plane. At the summit a penetrative foliation is inten-
sely folded about variably orientated fold hinges.
Traced downwards these folds tighten and are trans-
posed into the platy mylonitic foliation which is
orientated parallel to the underlying thrust plane
(Fig. 4b, c). This platy foliation is locally deformed
in to WNW-verging minor folds (cm-scale), picked
out by foliation-parallel plastically deformed quartz
veins, with long limbs orientated parallel to the

sheet dip of the foliation (Fig. 6). Alternating
locally developed successions of sub-horizontal
and sub-vertical foliations in the Moine mylonites
exposed at the Stack of Glencoul have recently
been described by Bell (2010) and interpreted in
terms of successive phases of sub-horizontal and
sub-vertical shortening associated with thrusting
driven by gravitational collapse (see also Bell &
Johnson 1989).

Temperatures of mylonite formation at the Stack
of Glencoul were estimated at 300–350 8C by
Johnson et al. (1985) based on illite crystallinity;
see also review by Johnson & Strachan (2006).
The quartz recrystallization mechanism within the
detrital grains of these mylonites, however, is domi-
nantly subgrain rotation (Law et al. 1986), referred
to as Regime 2 recrystallization by Hirth & Tullis
(1992). Adopting the microstructural thermometer
proposed for quartz by Stipp et al. (2002, p. 175)
such Regime 2 recrystallization would indicated
deformation temperatures of c. 400–500 8C at
natural strain rates. These inferred deformation
temperatures are clearly higher than the tempera-
tures of metamorphism estimated from illite crystal-
linity and because recrystallization regimes are also
sensitive to variations in hydrolytic weakening and
strain rate, could indicate higher water contents or
lower strain rates than are encompassed in the
Stipp et al. thermometer. However, recently pub-
lished SEM-based microstructural analysis by
Halfpenny et al. (2006) of a sample of mylonitic
Cambrian quartzite from the Stack of Glencoul
(equivalent in position to sample SG-10 of this
study) has indicated the potentially dominant role
of grain boundary bulging recrystallization in for-
mation of the matrix new grains. Adopting the
microstructural thermometer proposed by Stipp
et al. (2002), such Regime 1 recrystallization would
indicated deformation temperatures in the c. 300–
400 8C range at natural strain rates. If both subgrain
rotation (within detrital grains) and grain boundary
bulging (at detrital grain margins) were operating
simultaneously this transitional behaviour between
the two recrystallization mechanisms would indi-
cate deformation temperatures of c. 400 8C using
the Stipp et al. thermometer. Potential differences
in hydrolytic weakening or strain rate between the
detrital (old) and matrix of new (recrystallizing)
grains would complicate this simple interpretation
however.

3D strain type/magnitude in the mylonites

Strain analyses were performed on the mylonitic
Cambrian quartzites using plastically deformed
relict detrital quartz grain shapes imaged on three
mutually perpendicular thin sections cut orthogonal
to foliation and lineation. A minimum of 150 grains
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were measured in each section plane. Rf/f and
harmonic mean grain shape/orientation data on
individual section planes were analysed and cross-
checked using software packages by Kanagawa
(1992) and Chew (2003). For data sets from individ-
ual thin sections, closely similar 2D strain estimates
were obtained using the Rf/f and harmonic mean
techniques in the two software packages. Best-fit
strain ellipsoids for individual samples were calcu-
lated using the Kanagawa (1992) software; within
observational error (less than 58) macroscopic foli-
ation and lineation was demonstrated to be parallel
to the principal planes of the best fit strain ellipsoids.

3D strain data from the mylonitic Cambrian
quartzites in the immediate footwall to the Moine
Thrust (Table 1) plot within the general flattening
field (Lodes Unit n of 0.25–0.50) (Figs 7 & 8)
with the intermediate principal strain axis orientated
parallel to orogenic strike. Stretches parallel to
the X (transport direction parallel lineation) and Y

(orogenic strike) principal strain directions are esti-
mated at 170–260% and 26–49% respectively,
while shortening perpendicular to foliation is esti-
mated at 72–80%, assuming constant volume defor-
mation (Table 1). This has obvious space problem
implications, and to explain as a true plane strain
deformation (Ramsay & Wood 1973) with no
elongation parallel to orogenic strike would require
a 50–70% volume loss (Fig. 8), for which there is
no clearly defined microstructural evidence – at
least in the optical microscope.

This general flattening strain is in agreement,
however, with both outcrop-scale structures such
as pinch and swell of quartzite layers exposed in
joint planes orientated perpendicular to the stretch-
ing lineation, and small circle girdle quartz a-axis
fabrics (see below) obtained by X-ray texture gonio-
metry in the mylonitic Cambrian quartzites (Law
et al. 1986; Law 1987). These flattening strains are
probably of regional extent. For example, both
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Fig. 6. Schematic sketch of folded quartz veins within Moine mylonite (sample M.3) located 5.0 m above the
Moine Thrust at the Stack of Glencoul. XZ surface cut perpendicular to foliation and parallel to lineation is 20 cm in
length. Quartz c-axis fabrics from three small (0.4 � 0.15 cm) domains on adjacent fold limbs are displayed on XZ
projection planes containing lineation (X) and pole (Z) to foliation; note: 1) opposite fabric asymmetries with respect to
foliation and vein margins (Sa) on adjacent fold limbs, 2) opposite senses of obliquity between vein margins and
alignment (Sb) of elongate recrystallized quartz grains on adjacent fold limbs, 3) non-orthogonal relationship between
XZ section and fold hinges (orientations indicated by arrows lying within foliation) defined by quartz veins. Specimen
and fabrics viewed towards the NNE; movement on Moine Thrust associated with WNW directed overthrusting
(sinistral shear sense). Adapted from Law (1990).
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Table 1. Strain estimates for mylonitic Cambrian quartzites at Stack of Glencoul

sample d (m) X Y Z RXY RYZ RXZ ln RXY ln RYZ ln RXZ Flinn K Lode’s n Nadai 1s

SG-1 0.005 3.657 1.41 0.194 2.594 7.271 18.857 0.953 1.984 2.937 0.480 0.351 2.119
SG-2.1 0.010 – – – – – 12.76 – – – – – –
SG-2.2 0.040 – – – – – 12.30 – – – – – –
SG-2.3 0.080 – – – – – 11.40 – – – – – –
SG-2.4 0.100 – – – – – 13.50 – – – – – –
SG-2.5 0.145 – – – – – 11.25 – – – – – –
SG-3 0.300 2.81 1.41 0.25 1.977 5.594 11.062 0.682 1.722 2.404 0.396 0.433 1.79
SG-4 0.700 3.218 1.294 0.24 2.487 5.392 13.408 0.911 1.685 2.596 0.541 0.298 1.86
SG-6 1.900 2.741 1.366 0.267 2.007 5.116 10.266 0.696 1.632 2.329 0.427 0.402 1.762
SG-7 2.500 2.774 1.45 0.249 1.913 5.823 11.141 0.649 1.762 2.411 0.368 0.462 1.793
SG-8 2.900 2.856 1.265 0.277 2.258 4.567 10.31 0.814 1.519 2.333 0.536 0.302 1.764
SG-9 3.550 – – – – – 9.25 – – – – – –
SG-10 4.600 3.34 1.29 0.23 2.588 5.543 14.344 0.951 1.713 2.663 0.555 0.286 1.909
SG-11 4.600 3.201 1.494 0.209 2.143 7.148 15.316 0.762 1.967 2.729 0.387 0.442 1.907
SG.12 7.300 – – – – – – – – – – – –
SG-13 8.500 3.666 1.287 0.212 2.848 6.071 17.292 1.047 1.803 2.850 0.580 0.265 1.949

Estimates shown are based on Rf/f analysis of deformed detrital quartz grain shapes in three mutually perpendicular thin sections cut orthogonal to foliation and lineation, using software packages by
Kanagawa (1992) and Chew (2003). Estimated stretches parallel to principal strain directions assume constant volume deformation. Only XZ sections were analysed in sample SG.2.1–2.5 and SG.9. Distance
(d) in metres of individual samples beneath Moine Thrust plane indicated.
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strain and petrofabric data indicating flattening
strains have recently been reported from Loch
Strath nan Aisinnin (Fig. 1) southwards to the
Stack of Glencoul in quartz mylonites from the
immediate footwall to the Moine Thrust (Strine &
Mitra 2004; Strine & Wojtal 2004).

Arguments could be made for these strain
analyses (which use relict detrital grain shapes)
either overestimating or underestimating strain
magnitude. Inclusion of the ribbon grains in the
2D data sets (at least some of which may have

originated as either veinlets or deformation bands
within larger detrital grains; Fig. 5b) could
obviously lead to an overestimation of 2D strain
ratio. However, the influence of these ribbon
grains on 2D strain estimates seems to be statisti-
cally minimized in the software packages used.
Similarly, dynamic recrystallization around the
margins of elliptical detrital grains (core and
mantle structure) will in itself increase the aspect
ratio of the relict core (see Dayan 1981,
pp. 230–232, for numerical treatment), also leading
to an overestimation of 2D strain ratio. In contrast, if
strain partitioning has occurred between the relict
detrital quartz grains and their surrounding matrix
of dynamically recrystallizing quartz grains, then
the deformed detrital grain shapes may only
record part of the total strain, thereby leading to an
underestimation of 2D strain ratio.

Our strain analysis of the mylonitic Cambrian
quartzites at the Stack of Glencoul using deformed
detrital grain shapes has taken a 3D approach and
indicates strain ratios in the XZ principal plane
within the Rxz ¼ 10.3–18.9 range (Table 1), with
an arithmetic mean of Rxz ¼ 13.6 (nine samples).
In general no convincing progressive increase in
estimated Rxz values was found traced towards the
overlying Moine Thrust plane, although the highest
Rxz estimate (18.9) was recorded in specimen SG-1
where the relict grain shape data (admittedly from
largely recrystallized quartzite) is from within a
few centimetres of the thrust plane (Fig. 2).

Previously published strain analyses on the Stack
of Glencoul mylonites have been essentially 2D in
nature and have focused on deformation of the Sko-
lithos worm burrows preserved in the single horizon
of mylonitic ‘Pipe rock’ in the Cambrian quartzites
from which our specimen SG-8 was taken (Fig. 2).
Based on the elliptical outline of the deformed
pipes exposed on the foliation plane and the assump-
tion that the long axes of the deformed pipes are
‘perfectly’ parallel to foliation and lithological
layering(bedding),McLeish(1971,p.496)estimated
X/Y/Z strain ratios of 14.55/1.0/0.32, correspond-
ing to an estimated Rxz value of approximately 45.
Wilkinson et al. (1975, fig. 4) demonstrated that
statistically the pipe long axes are actually inclined
at a very low angle (c. 28) to the lithological
banding/foliation, dipping more steeply (presum-
ably to the ESE) than lithological banding in
section planes orientated perpendicular to foliation
and parallel to the stretching lineation. This geo-
metric situation was numerically modeled by
Wilkinson et al. (1975) assuming simple shearing
oblique to original bedding (and orthogonal pipes).
Combined data from two samples, incorporating
observed angles between lithological banding/
foliation and pipes and the elliptical outline of the
deformed pipes exposed on the foliation plane,
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were interpreted as indicating shear strains (g) of 9
and 12 using their numerical modelling. These
shear strains correspond to Rxz strain ratios of 80
and 146 respectively, assuming simple shear defor-
mation. Both of these previously published studies
using deformed pipes as strain markers clearly
predict far larger Rxz strain ratios than indicated
by our detrital grain-based strain analyses (Rxz

values in the c. 10–20 range). The potential impor-
tance of incorporating quantitative estimates of flow
vorticity in numerical modelling of Pipe rock shear-
ing, and their implication for Rxz strain ratios associ-
ated with observed angular shear strains in the pipe
rock, will be discussed in the companion paper by
Law (2010).

Quartz crystal fabrics in the mylonites

Quartz crystallographic fabrics are exceptionally
well developed at the Stack of Glencoul, particu-
larly in the mylonitic Cambrian quartzites. Optically
measured c-axis fabrics from the mylonitic quart-
zites were first described by John Christie in his
1956 PhD thesis; these fabrics later became interna-
tionally renowned following publication of his
seminal 1963 paper by the University of California
Press (Christie 1963). These c-axis fabrics were
famous for their high degree of symmetry relative
to foliation and lineation and, as outlined above,
were regarded by Christie (1963, p. 405) as indicat-
ing a relatively late stage period of vertical coaxial
shortening overprinting asymmetrical fabrics pro-
duced during thrust-related shearing. Unfortunately,
no records were kept of the outcrop positions of
these Cambrian quartzite samples relative to the
position of the Moine Thrust at the Stack of Glen-
coul (J. Christie, pers. comm. to R. D. Law in
1988). However, as outlined above, re-sampling of
the Cambrian quartzites at the Stack of Glencoul
(Law et al. 1986) led to recognition of a major
change in quartz fabrics with depth beneath the
Moine Thrust (Fig. 3).

All quartz crystal fabrics reported in this paper
(e.g. Figs 6, 9–14) are displayed on lower hemi-
sphere Schmidt equal area projections in which
the projection plane is orientated perpendicular to
foliation and parallel to the ESE-plunging stretching
lineation; all fabric diagrams are viewed towards the
NNE. Where appropriate the orientation of shear
bands (denoted by bars with arrows) and the align-
ment (Sb) of elongate dynamically recrystallized
quartz grains orientated oblique to foliation is indi-
cated on the fabric diagrams (Figs 9–11).

Fabrics in hanging wall Moine mylonites

Optically measured single-girdle c-axis fabrics
within quartz-rich layers (veins?) in the mylonitic

Moine pelites and psammites at the Stack of
Glencoul consistently indicate a top-to-the-WNW
shear sense (Fig. 9). Folded quartz veins in speci-
men M.3 located 5 m above the Moine Thrust
(Fig. 2) yield opposite c-axis fabric asymmetries
on adjacent fold limbs (Fig. 6) indicating that the
vein was folded by a flexual slip mechanism rather
than acting as a passive marker within the thrust
zone (Law 1990). The non-uniform density distri-
butions in these fabrics are probably due to an orig-
inal crystal preferred orientation in the vein
material. In cross-polarized light with an analyser
(sensitive tint) plate inserted these contrasting
fabrics are indicated by different polarization
colours of dynamically recrystallized quartz grains
on adjacent fold limbs when the thin section is in
a constant orientation relative to the polarizers.
Opposite senses of obliquity between foliation-
parallel vein margins (Sa) and alignment (Sb) of
elongate dynamically recrystallized quartz grains
within the veins are observed on adjacent fold
limbs. By analogy with simulation studies (e.g.
Lister & Hobbs 1980) these fabrics, which were
measured in sections cut perpendicular to foliation
and parallel to lineation, but oblique to fold
hinges, also indicate that penetrative deformation
is associated with a bulk shearing direction con-
tained in this section plane rather than perpendicular
to the fold hinges, as originally proposed by Christie
(1963, pp. 382–4) for the Moine mylonites exposed
at the Stack of Glencoul; see also discussion
between Johnson (1965) and Christie (1965) and
historical review by Law & Johnson (2010).

Quartz grains within the matrix of the pelitic
Moine mylonites are too small (,10–15 micron)
for optical fabric analysis. Intuitively quartz pre-
ferred orientation would be expected to be weak to
absent in these phyllosilicate-rich tectonites due to
grain boundary sliding. However X-ray texture
goniometry of a slab from sample M.2 (Fig. 10),
situated at c. 10 cm above the thrust plane, reveals
that although the strength of quartz c-axis preferred
orientation is low (maximum of 1.5 times uniform
density), the skeletal outline of the fabric is remark-
ably similar to fabrics measured in quartz veins from
the Moine mylonites (Fig. 9, samples M1 and M2)
and particularly the fabric in sample SG-1
(Fig. 10) from the underlying mylonitic Cambrian
quartzite. The c-axis fabric for sample M.2 consists
of a broad, slightly kinked, single girdle orientated
oblique to foliation (sense of obliquity consistent
with top to the WNW shearing) orientated at a
high angle to shear bands in the phyllosilicate-rich
matrix (Fig. 10). The corresponding a-axis fabric
for sample M.2 consists of three point maxima, the
dominant maxima occupying a pole position to the
c-axis girdle (Fig. 10). These X-ray derived fabrics
indicate that, if grain boundary sliding is important
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quartz veins from mylonitic Moine rocks above the Moine Thrust. Less than 0.5, 0.5–1.0 and 1.0–2.0 times
uniform density distribution indicated by light grey, dark grey and pink fields, respectively. Distances of individual
fabrics above Moine Thrust plane are indicated.
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in the pelitic Moine mylonites, combined dislo-
cation creep and dynamic recrystallization are
still capable of producing a preferred crystallo-
graphic orientation within these small grains which
form thin (,100 micron), discontinuous foliation-
parallel layers scattered throughout the phyllosili-
cate-rich matrix.

Fabrics adjacent to Moine Thrust

Immediately adjacent to the thrust plane both the
mylonitic Moine rocks (samples M.1 and M.2 at
1.0 and 10 cm above thrust; Figs 9 & 10) and Cam-
brian quartzite (SG-1 at 0.5 cm beneath thrust;
Fig. 11) are characterized by asymmetrical single
girdle c-axis fabrics indicating a top-to-the-WNW
shear sense. The girdle is fairly straight in sample
M.1 (and to a lesser extent in M.2), but distinctly
kinked in SG-1. In both samples M.1 and SG-1
there is a vestige of a trailing edge fabric. This trail-
ing edge fabric component strengthens traced down-
wards in the Cambrian quartzites leading to
production of asymmetrical Type 1 cross girdle
fabrics in samples SG-2.1 to 2.5 (Fig. 11), but is
less obvious traced upwards from the thrust into
the Moine mylonites. All these fabrics are measured
on dynamically recrystallized grains and are pre-
sumably from tectonites that have undergone high
shear strains, given their proximity to the thrust
plane (see Law 2010 for estimation of g values).

Numerical simulations predict that for simple
shear the leading and trailing edges of cross-girdle
quartz c-axis fabrics should develop perpendicular
and oblique to the margins of a shear zone at high-
shear strains (e.g. Lister & Hobbs 1980; Etchecopar
& Vasseur 1987; Jessel & Lister 1990, but cf.

Takeshita et al. 1999). At high-strain magnitudes
the trailing edge fabric is selectively depopulated
by dynamic recrystallization, while the leading
edge fabric accordingly strengthens with increasing
shear strain and the foliation rotates towards the
shear plane (margin of shear zone) and should
become perpendicular to the single girdle fabric
(Law 1990, fig. 3). Similar results have been
obtained in simple shear experiments on analogue
materials (e.g. Bouchez & Duvall 1982; Herwegh
& Handy 1996, Herwegh et al. 1997). However, at
the Stack of Glencoul the single girdle c-axis
fabric is inclined to the thrust-parallel foliation
even within a few centimetres of the Moine Thrust
(cf. Figs 4c, 9, 10 & 11). For example in SG-1 at
0.5 cm beneath the thrust, the central section of
the optically measured kinked single girdle fabric
(Fig. 11) is inclined at 838 to the foliation (rather
than the 908 predicted for high shear strains) near
the Y sample orientation (angle c in Fig. 15)
while the girdle makes an angle of 258 to the foli-
ation pole at the margin of the XZ fabric diagram
(Fig. 11; angle C1 in Fig. 15). The corresponding
a-axis fabric is characterized by a dominant single
maximum occupying a pole figure to the single
girdle c-axis fabric and inclined at 258 to the linea-
tion (Fig. 14; Law 1987). Once again, numerical
modelling would indicate that this a-axis maxi-
mum should be parallel to the lineation at high
shear strains, assuming simple shear deformation.

These observations raise the question of what
controls the orientation of the bulk shear plane
during large displacement ductile thrusting. The
contact between the Cambrian quartzites and over-
lying Moine rocks (Fig. 4) must have been a slip
surface during the early stages of thrusting, but
over time the bulk shear plane may have been con-
strained more by the large scale geometry of the
thrust wedge, and the lithological boundary may
have become a passive marker within the mylonite
zone. In that case the orientation of the foliation
may have little relevance to the kinematics associ-
ated with later deformation (John Platt, pers.
comm. 2008). Alternatively, the obliquity between
finite strain features (thrust-parallel foliation and
lineation) and the asymmetrical fabrics may indicate
that flow has significantly departed from strict
simple shear, even within less than a few centimetres
of the thrust plane. Heilbronner & Tullis (2006)
have described split cylinder experiments on dyna-
mically recrystallizing quartz layers subjected
to simultaneously imposed components of simple
shear and shear plane-normal shortening (i.e. a
general shear) in which single girdle c-axis fabrics
developed with increasing strain magnitude.
Here the relevant observation is that the single
girdle fabrics are themselves rotated with respect
to the experimentally imposed shear couple with

Contours: 0.60, 0.80, 1.00, 1.20 Contours:  0.80, 0.88, 0.96, 1.04,1.12, 
                 1.20, 1.28, 1.36 (m.u.d.)

c a

maximum density = 1.56

minimum density = 0.28

maximum density = 1.52

minimum density = 0.70

Sb

Fig. 10. Quartz fabrics from phyllosilicate rich matrix of
mylonitic Moine sample M2 located at c. 10 cm above
the Moine Thrust. Orientation of shear bands and
elongate recrystallized grains (Sb) indicated. Fabrics are
derived from Orientation Distribution Function (ODF)
analysis of X-ray texture goniometry data.
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Fig. 11. Transition in quartz c-axis fabrics (viewed towards the NNE) from single girdle to cross-girdle fabrics
measured by optical and X-ray texture goniometry methods in recrystallized mylonitic Cambrian quartzites close to the
Moine Thrust. Less than 0.5, 0.5–1.0 and 1.0–2.0 times uniform density distribution indicated by light grey, dark grey
and pink fields, respectively. Orientation of shear bands (sample SG-2.2) and maximum angle between foliation and
elongate recrystallized quartz grains (Sb) indicated. Distances of individual fabrics below Moine Thrust plane are
also indicated.
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Fig. 12. (a & b) Optically measured quartz c-axis fabrics from relict detrital (old) grains and recystallized matrix (new)
grains in mylonitic Cambrian quartzite at the Stack of Glencoul. Less than 0.5, 0.5–1.0 and 1.0–2.0 times uniform
density distribution indicated by light grey, dark grey and pink fields, respectively. Distances (in metres) of individual
fabrics below Moine Thrust plane are indicated.
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Fig. 12. (Continued).
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Fig. 13. Comparison between quartz c-axis fabrics (combined old and new grains) measured by optical microscopy
and c-axis fabrics calculated via ODF analysis from X-ray texture goniometry (Reg. – X-ray). Less than 0.5, 0.5–1.0
and 1.0–2.0 times uniform density distribution indicated by light grey, dark grey and pink fields, respectively. Distances
(in metres) of individual fabrics below Moine Thrust plane are indicated.
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Fig. 14. Quartz a-axis fabrics measured by X-ray texture goniometry methods within quartz mylonites from the Stack
of Glencoul. Contour intervals for samples SG-1–SG-4 (Law 1987): 0.5, 1.0, 1.25, 1.5, 1.75 . . . 3.0, 3.25 times uniform
distribution; less than 0.5, 0.5–1.0 and 1.0–2.0 times uniform indicated by light grey, dark grey and pink fields
respectively. Contour intervals for samples SG-6–SG-13 (Law et al. 1986): 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0 times uniform
distribution; less than 0.5, 0.5–1.0 and 1.0–2.0 times uniform distribution indicated by light grey, dark grey and pink
fields respectively.
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increasing shear strain. In these experiments the
single girdle fabric was inclined at progressively
greater angles to the shear couple with increasing
shear strain (268 at a shear strain of 11.5), while
still giving the correct shear sense (Heilbronner &
Tullis 2006, fig. 6). In a companion paper (Law
2010) we will attempt to quantify flow vorticities
in the Stack of Glencoul mylonites and will
compare these data with flow vorticities in the exper-
iments described by Heilbronner & Tullis (2006).

Fabrics in footwall mylonitic Cambrian

quartzites

Sampling along a carefully documented vertical
transect through the Cambrian quartzites underlying
the Moine Thrust at the Stack of Glencoul leads to
recognition of a profound change in microstructures
and both optically measured quartz c-axis fabrics
(single grain data), and a-axis fabrics (bulk sample
data) measured by X-ray texture goniometry, with

distance beneath the Moine Thrust (Fig. 3; Law
et al. 1986). As described above, close to the thrust,
non-coaxial deformation is indicated by asymmetri-
cal c- and a-axis fabrics; the sense of asymmetry in
these more highly deformed and recrystallized
quartzites is consistent with WNW-directed over-
thrusting (Figs 9, 10, 11 & 14). At distances of
greater than 30 cm beneath the thrust, essentially
coaxial deformation is qualitatively indicated by
quartz c-axis fabrics (measured on detrital [old]
grains) and a-axis fabrics (bulk sample data) which
have a general symmetrical appearance with respect
to foliation and lineation (Figs 12a, b, 13 & 14).

The formation of the asymmetrical fabrics
(non-coaxial deformation) in the hanging wall and
immediate footwall to the thrust must either be con-
temporaneous with, or later than, formation of the
more symmetrical fabrics located at greater dis-
tances beneath the thrust (Fig. 3; Law et al. 1986).
This interpretation, which is based on spatial vari-
ation in fabric symmetry, is in marked contrast
to the original interpretation by Christie (1963,
p. 405) that the symmetrical fabrics at the Stack of
Glencoul indicated a relatively late stage period of
vertical coaxial shortening overprinting asymmetri-
cal fabrics produced during thrust-related shearing
(see above). Information on 3D strain type may
also be inferred from these fabric patterns (Schmid
& Casey 1986). For example the small circle
a-axis fabrics at distances greater than 30 cm
beneath the thrust (Fig. 14) indicate deformation
within the general flattening field (in agreement
with the grain shape analyses – Figs 7 & 8), while
closer to the thrust the point maxima a-axis fabrics
indicate an approximate plane strain deformation
(sample SG-1 in Fig. 14).

Quantitative data on more subtle variations in
variation in fabric patterns can be obtained by
employing the different skeletal parameters used
to quantify the degree of c-axis fabric asymmetry
(Fig. 15). Information on how the magnitudes
of these various fabric parameters change with
structural position and recrystallization in the
Stack of Glencoul mylonites are summarized in
Figures 16–19. Fabric parameter data in these
figures are color coded for sample position relative
to the Moine Thrust – see Figure 16 caption for
details. A similar approach has previously been
reported by Fernandez-Rodriguez et al. (1994)
who included data from the Stack of Glencoul
mylonites (taken from Law 1987) in their discussion
of statistical methods for quantifying fabric
asymmetry.

Taylor-Bishop-Hill simulations of quartz c-axis
fabric development (Lister & Hobbs 1980) predict
that the fabric half opening angles C1 and C2
should be the same in coaxial deformation but of
different values in non-coaxial deformation with

C1 C2

y

w2t

w2b w1b

FoliationL

WNW ESE

w1t

l.e.
t.e.

Fig. 15. Parameters used to characterize external and
internal asymmetry in quartz c-axis fabrics (after Law
1987, 1990). External fabric asymmetry characterized by
c, C1 and C2; internal fabric asymmetry characterized
by v1 and v2. Leading and trailing edges of c-axis fabric
skeleton denoted by l.e. and t.e respectively; v values
measured on the ‘top’ and ‘bottom’ of the fabric skeleton
denoted byv1t/v2t and v1b/v2b respectively.
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Fig. 16. Skeletal symmetry data (external fabric parameters C1 and C2) extracted from optically measured old and new
grain quartz c-axis fabrics of mylonitic Cambrian quartzites and deformed quartz veins in Moine pelites (M) at the Stack
of Glencoul. See Figure 15 for explanation of parameters. Grey shaded areas in individual plots (a, b and f) indicate
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included here.
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the larger angle (C2) lying between the foliation
pole and trailing edge of the fabric skeleton (Fig. 15).
Observed C2 angles in old and new grain fabrics are
larger than corresponding C1 angles in many of the
Stack samples in agreement with a top-to-the-WNW
shear sense (grey shaded areas of Fig. 16a, b) but,
particularly in quartzite samples located at greatest
distance beneath the thrust (SG-8 to 13), the oppo-
site sense of asymmetry is observed in some old
(Fig. 16a) and new grain (Fig. 16b) fabrics. In con-
trast the difference in relative magnitudes of

internal fabric parameters v1and v2 are consistent
with a top to the WNW shear sense in all old and
new grain fabrics (Fig. 17a, b) regardless of
sample position relative to the thrust. The external
asymmetry parameter c (Fig. 17f) is also with
only one exception (sample SG-9) consistent with
a top to the WNW shear sense in all old and new
grain fabrics. We view these data as indicating
that while external and internal fabric parameters
[c] and [v2 – v1] are consistently reliable shear
sense indicators, caution should be employed in
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using the [C2 2 C1] fabric parameter as a shear
sense indicator.

The greatest degree of skeletal fabric asymmetry
is consistently indicated by all external and internal
fabric parameters (particularly in new grain fabrics)
in those samples located closest to the thrust
(Figs 16b & 17b; samples SG-1, 2.1–2.5, 3 and
M.1). Recrystallization commonly appears to lead
to a spread in the magnitude range of individual
skeletal fabric parameters, relative to their values
in the corresponding old grain fabrics (e.g. values
of internal fabric parameters v1 and v2; Fig. 17c,

d, e). However, to what extent this may be due
simply to the difficulty of optically measuring the
c-axes of very small recrystallized grains is unclear.

In terms of fabric maxima some of the c-axis
fabrics, and particularly new grain fabrics, are
defined by maxima close to the periphery and
maxima on the central girdle (Figs 11–13). Most
of the fabrics have the same maxima, and in the
same positions. From this perspective the differ-
ences between fabrics close to the thrust plane
(e.g. SG-1; Fig. 11) and fabrics at greater distances
beneath the thrust (e.g. SG-6; Fig. 12a) become
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mainly a matter of differences in density distribution
with both sharing the same maxima in the same rela-
tive positions. These similarly orientated c-axis
maxima suggest that all samples have much in
common in terms of operative slip systems and
recrystallization mechanisms.

Differences between old and new

grain fabrics

Our previously unpublished analyses of the myloni-
tic Cambrian quartzites at the Stack of Glencoul
indicate significant differences in the optically
measured c-axis fabrics of the relict (old) detrital
grains and the surrounding much smaller recrystal-
lized (new) matrix grains (Fig. 12a, b). Microscope-
based analyses yield Type 1 (Lister 1977) cross-
girdle fabrics for both old and new grains suggesting
approximate plane strain deformation, but the
small circle element of the fabric (centred about
the pole to foliation) in a given sample frequently
tends to be more clearly defined in the new grain
fabric, while the central bar spanning across the
Y sample direction (centre of pole figure) is more
clearly defined in the corresponding old grain
fabric. The small circle element of the optically mea-
sured new grain c-axis fabric is particularly clear in
samples SG-9 to 13 (Fig. 12b) located at more than
3.5 m beneath the Moine Thrust. This small circle
fabric element is also clear in the corresponding
c-axis fabrics derived from X-ray texture gonio-
metry (Fig. 13; samples SG-8 to SG-11) where the
X-ray beam scans across both old and new grains.

These subtle differences between old and new
grain fabrics may indicate a partitioning of 3D
strain type with the matrix new grains undergoing
a bulk deformation within the general flattening
field while the detrital grains deformed (presumably
at the same time) at closer to plane strain – but, as
indicated by strain analysis (Figs 7 and 8), still
within the general flattening field. A different, but
perhaps complementary, form of strain path parti-
tioning has previously been inferred by Law
(1987) in samples SG-1 and SG-10 through analysis
of the X-ray goniometry-derived Orientation Distri-
bution Function (ODF) in which the leading and
trailing edges of the cross girdle c-axis fabrics
yielded ODF ‘single crystal’ orientations indicative
of (presumably synchronous) plane strain (top-to-
WNW shearing) and flattening deformation respect-
ively. These data sets indicate that the strain
path followed by individual grains (or groups of
grains – e.g. old v. matrix new grains) may signifi-
cantly depart from the strain path imposed upon the
bulk specimen. Potential quartz fabric evidence for
strain path partitioning between relict and surround-
ing recrystallized grains in mylonites from other

tectonic environments has also been discussed by
Kirschner & Teyssier (1991, 1992) and Hippertt &
Borba (1992).

Detailed analysis of skeletal fabric parameters
(Fig. 15) on the optically measured old and new
grain c-axis fabrics demonstrates that recrystalliza-
tion always leads to an increase in fabric asymmetry
relative to fabrics measured in the adjacent relict
detrital grains which have deformed by dislocation
glide/climb (Figs 16–19). This greater fabric
asymmetry in the recrystallized grains could be
interpreted as indicating a higher degree of vorticity
associated with flow of the matrix grains (which
might be either contemporaneous with or later
than flow in the detrital grains), and has significant
implications for using fabric asymmetry parameters
(particularly c) as input data in quantitative vorti-
city analyses (see companion paper by Law 2010).
For all Cambrian quartzite and Moine samples, a
positive correlation is established between degree
of internal [v2 2 v1] and external [c] skeletal
fabric asymmetry (Figs 18a, b & 19b), with the
greatest degree of both internal and external fabric
asymmetry recorded in new grains from samples
(SG-1 and SG-2.1 to 2.5) located at less than
14.5 cm beneath the Moine Thrust plane. A similar,
although less clearly defined, positive correlation is
also established between degree of asymmetry and
recrystallization for external and internal fabric par-
ameters [C2 2 C1] and [v2 2 v1] (Figs 18e, f &
19a) and for external fabric parameters [C2 2 C1]
and [c] (Figs 18c, d & 19c).

Recrystallization also always leads to an increase
in c-axis fabric opening angle (C1þ C2 in Fig. 16e) –
as previously demonstrated in numerous studies
of experimentally and naturally deformed quartz
aggregates (e.g. Tullis et al. 1973; Law 1986). In
the Cambrian quartzites at the Stack of Glencoul
[C1þ C2] opening angles for old grain fabrics
range from 48–578, while the corresponding new
grain fabric opening angles range from 61–688.
Within individual samples new grain fabric
[C1þ C2] opening angles are between 78 and 218
greater than the corresponding old grain fabric
opening angle (Fig. 16e). In general, recrystalliza-
tion leads to a greater increase in the C1 opening
angle (relative to the old grain fabric C1 opening
angle) than in the C2 opening angle (Fig. 16c, d).

In addition to changes in skeletal outline, our
analyses also indicate that recrystallization leads
to significant changes in density distribution on the
c-axis fabric diagram. This has been quantified
for individual samples using a software package
developed by Mainprice at University of Montpel-
lier that counts and compares the number of data
points from detrital (old) and recrystallized (new)
grains that plot within individual cells of the numeri-
cal counting grid used for fabric contouring. The
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results are displayed as fabric density difference
plots (Fig. 20a, b) and indicate that, relative to the
detrital grains which have deformed by dislocation
glide and climb, dynamic recrystallization preferen-
tially produces a large number of grains whose
c-axes define maxima located on a small circle
girdle centred about the foliation pole – as qualitat-
ively observed above from the original pole figures
(Fig. 12b). These point maxima are orientated at a
small angle (c. 5–208) to the XZ plane (Fig. 20a,
b). In contrast, relative to the recrystallized grain
fabrics, the detrital grain c-axes preferentially
cluster along a girdle in the YZ plane. The differ-
ences between the old and new grain fabrics – in
terms of density distribution – are remarkably
similar in each sample (see summary fabric diagram
in Fig. 21).

Influence of environmental variables and

deformation/recrystallization mechanisms

on fabric development

The observed skeletal and density differences
between the old and new grain fabrics in the mylo-
nitic Cambrian quartzites could indicate a difference
in operative crystal slip systems between the old and
new grains, which are themselves controlled by
environmental variables such as deformation temp-
erature, strain rate, deviatoric stress intensity, trace
impurity content and degree of hydrolytic weaken-
ing (Lister & Dornsiepen 1982; Gordon Lister
2009 pers. comm.). Alternatively, the differences
between the old and new grain fabrics may reflect
a contrast in the relative importance of dislocation
glide/climb and recrystallization mechanisms in
the interiors of the large old (detrital) quartz grains
compared with the surrounding fine grained matrix
of dynamically recrystallizing quartz.

Quartz c-axis fabric opening angles (C1þ C2 in
Fig. 15) may be a reflection of a complex interplay
between all the above-mentioned environmental
variables. Additionally, Taylor-Bishop-Hill numeri-
cal modelling of coaxial strain histories suggests
that 3D strain type may also have some effect on
opening angle. For example, in the model quartzite
B (combined basal and rhomb kal slip) of Lister &
Hobbs (1980, fig. 8) opening angles were lower in
plane strain (k ¼ 1) deformation (518) than in flat-
tening (k ¼ 0) deformation (568), and lower still in
the constrictional field. Differences in opening
angle between plain strain (628) and flattening
(848) were even more marked in their model quart-
zite C simulations (e.g. combined basal kal and
prism [c] slip; Lister & Hobbs 1980, fig. 9).

Quartz c-axis fabric opening angles have been
proposed as a potential thermometer by Kruhl
(1998) with the opening angle increasing as the

component of prism [c] slip becomes progressively
more important with increasing deformation temp-
eratures. In contrast, it could also be argued that
where fabric opening angles are controlled by the
combination of active slip systems opening angles
should change discreetly, rather than progressively,
with for example increasing deformation tempera-
ture (Gordon Lister 2009 pers. comm.). In some
tectonic environments a close correlation is found
between deformation temperatures indicated by
progressively increasing fabric opening angles and
temperatures of metamorphism indicated by either
prograde or retrograde mineral phase equilibria
(e.g. Greater Himalayan Slab: Law et al. 2004,
2008; contact metamorphism associated with forci-
bly emplaced plutons: Morgan & Law 2004).
However, the situation is clearly more complex in
the Stack of Glencoul mylonites where old and
new grain fabrics from the same sample have differ-
ent opening angles (48–578 v. 61–688; Fig. 12a, b)
which would indicate deformation temperatures of
390–440 and 475–530 þ/2 50 8C respectively
using the Kruhl (1998) thermometer. Intuitively
the deformation temperatures inferred from the
recrystallized grain fabrics seem too high for these
greenschist (chlorite bearing) mylonites although,
by analogy with the numerical modelling of Lister
& Hobbs (1980), at least some of this discrepancy
could be due to deformation within the general flat-
tening field (1 . k . 0). In addition it seems very
unlikely that the matrix recrystallized grains in the
Stack samples would record the higher (presumably
earlier) temperature part of a deformation path while
the adjacent relict detrital grains record a lower
(presumably later) temperature part of the defor-
mation path. Certainly differences in deformation
temperature cannot be used to explain comparable
differences in fabric opening angle of old and new
grain fabrics that are also observed in experimental
deformation (e.g. Tullis et al. 1973).

As outlined above, in addition to deformation
temperature, opening angle is also a function of
the influence of variables such as strain rate and
hydrolytic weakening on operative crystal slip
systems. The higher opening angles in the new
grains fabrics could be interpreted as indicating
slower strain rates in the fine grained matrix grains,
although one might expect faster strain rates in the
matrix grains – particularly if accompanied by
grain boundary sliding. However the strong crystal
preferred orientation exhibited by these small
matrix grains (Fig. 12a, b) would argue against sig-
nificant grain boundary sliding (see also Lloyd et al.
2010, but cf. Halfpenny et al. 2006). Alternatively,
the larger opening angles in the new grain fabrics
could be a reflection of greater hydrolytic weaken-
ing in the fine grained dynamically recrystallizing
matrix grains promoting a larger component of
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prism [c] slip – relative to deformation in the int-
erior of the much larger old grains. This seems
likely given the greater surface area to volume ratio
in the small matrix grains (compared with the larger
old grains) and the greater density of grain
boundaries (which may act as fluid pathways) per
unit sample volume in the fine grained matrix.
Hydrolytic weakening and concomitant dynamic

recrystallization has been shown by Tullis et al.
(1973, pp. 304–306) to lead to a dramatic shift
from point maxima small circle girdle c-axis
fabrics in uniaxial shortening experiments
on quartzite.

The differences between old and new grain
fabrics could also be due to a contrast in the
operation of dislocation glide/climb v. dynamic
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recrystallization mechanisms in the interiors of the
large old grains compared with the surrounding
fine grained matrix of dynamically recrystallizing
new grains. Deformation within the large old
grains is clearly dominated by dislocation glide/
climb (indicated in the optical microscope by
undulatory/patchy extinction and deformation
bands) accompanied by subgrain rotation (Law
et al. 1986). Microstructural evidence for operative
deformation/recrystallization mechanisms in the
surrounding fine grained matrix (less than c. 15
micron) is difficult to resolve in the optical micro-
scope with a standard 30 micron thin section.
The detailed features of these grains can, however,
be resolved in the scanning electron microscope
(SEM). Imaged in the SEM sub grains produced
by subgrain rotation within the old detrital grains
of sample SG-10 are larger than recrystallized
grains in the surrounding matrix, suggesting that
the matrix grains may have formed – or at least
been subsequently modified – by different recrys-
tallization processes (Lloyd unpublished data;
see also Lloyd et al. 2010). Similar observations
(subgrains of 16 micron average grain size in
interior of old grains, 12 micron new grains at
margins of old grains) have been reported by Half-
penny et al. (2006) in an SEM electron back-
scattered diffraction (EBSD) analysis of a sample
of mylonitic Cambrian quartzite collected at the
Stack of Glencoul in an equivalent structural pos-
ition to sample SG-10.

Well developed core/mantle structures within
the old grains (particularly the globular old grains)
are seen in SEM images of sample SG-10 (Lloyd
unpublished data) which we interpret as indicating
the progressive rotation of subgrains to form new
grains (White 1976, 1977) which were then modi-
fied by other cyclic recrystallization processes
once they were incorporated into the fine grained
matrix. In contrast, Halfpenny et al. (2006) reported

that there was no progressive increase in degree of
misorientation of subgrains traced outwards from
the centre to the margins of the old grains as
would be expected if the new grains in the surround-
ing matrix developed by progressive subgrain for-
mation. Halfpenny et al. (2006) argued that whilst
the subgrains in the interior of the old grains prob-
ably did form by subgrain rotation, new grains at
the margins of the old grains may have nucleated
by grain boundary bulging and then been modified
(together with their crystal preferred orientation)
by grain boundary sliding as they became incorpor-
ated in to the surrounding matrix of fine grained
dynamically recrystallizing quartz. Certainly, grain
boundary sliding (with grain rotation about the Y
strain axis for at least plane strain deformation)
does offer one potential mechanism to account the
larger c-axis fabric opening angles measured in
the matrix recrystallized (new) grains – compared
with fabrics measured on detrital (old) grains
(Fig. 16). However, as noted above, the strong
crystal preferred orientation in the matrix new
grains (Figs 12 & 20) argues against significant
grain boundary sliding, unless sliding was accom-
modated by dislocation flow (Etheridge & Wilkie
1979; Mancktelow 1987; see review by Law
1990). Additionally, straight grain boundary seg-
ments and 1208 degree triple junctions between
matrix grains in sample SG-10 (Lloyd unpublished
data) seem more compatible with recrystallization
by grain boundary migration (rather than grain
boundary bulging) in the fine grained matrix
domains. And yet, one would expect grain boundary
migration to lead to an overall increase in grain size
relative to subgrains within the old grains – which is
the opposite of that observed.

From the above discussion, we have to conclude
that while differences between old and new grain
c-axis fabrics in the Stack of Glencoul mylonites
(Figs 12 & 20) undoubtedly reflect the relative
importance of dislocation glide/climb v. dynamic
recrystallization processes in the old and new grains
respectively – possibly enhanced by hydrolytic
weakening in the new grains – the precise recrystalli-
zation mechanism(s) responsible for formation of the
new grain fabrics remains enigmatic. Recrystalliza-
tion in these samples always leads to an increase
in fabric asymmetry relative to fabrics measured in
the adjacent relict detrital (old) grains which have
deformed by dislocation glide/climb (Figs 16–19),
indicating a higher degree of vorticity associated
with flow of the matrix grains. We speculate that
enhanced diffusion of fluids along grain boundaries
in these fine grained matrix domains may lead to
precipitation of ultra fine-grained second phase
particles (e.g. micas) which, by pinning quartz grain
boundaries, may then minimize grain growth during
continued dynamic recrystallization.

   18        21
   4

0                   40
° ° ° °

Density old > new Density new > old

Fig. 21. Schematic summary of differences in fabric
density distribution between old and new grain c-axis
fabrics in mylonitic Cambrian quartzites at Stack of
Glencoul.
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Summary

1. 3D strain analyses indicate that the gently
dipping mylonitic Cambrian quartzites
located beneath the Moine Thrust at the Stack
of Glencoul have been deformed in the
general flattening field with maximum princi-
pal stretching (170–260%) parallel to the
WNW thrust transport direction, a significant
intermediate principal stretch (26–49%) paral-
lel to orogenic strike, and a sub-vertical princi-
pal shortening of 72–80% perpendicular to
foliation, assuming constant volume defor-
mation. A volume loss of 50–70% would be
needed for these data to be compatible with a
plane strain deformation and no stretching
along orogenic strike.

2. Optical microscope-based analyses indicate a
spatial partitioning of c-axis fabrics at both
the thin section- and outcrop-scale in the
Cambrian quartzites. As previously reported,
Type 1 cross-girdle c-axis fabrics from relict det-
rital (old) grains display a high degree of sym-
metry with respect to foliation and lineation,
qualitatively suggesting approximate coaxial
strain paths. However, analyses of dynamically
recrystallized (new) grains in the surrounding
quartz matrix yield significantly more asymme-
trical Type 1 cross girdle fabrics, in which both
the external and internal skeletal fabric elements
indicate a non-coaxial deformation associated
with top to the WNW shearing.

3. Traced upwards towards the overlying thrust
plane the new grain fabrics in the Cambrian
quartzites change from subtly asymmetrical
cross-girdle fabrics at greater than 0.3 m
beneath the thrust, to obviously asymmetrical
cross girdle fabrics at 15 to 1 cm beneath the
thrust, to an asymmetrical single girdle fabric
at less than 1cm beneath the thrust. However,
the high angle of obliquity between foliation
and the single girdle fabrics indicate that even
within a few centimetres of the thrust plane
deformation significantly departed from strict
simple shear. Within the Cambrian quartzites
the ratio of new to old grains in a given thin
section is highest in samples located at less
than 15 cm beneath the thrust.

4. In the overlying mylonitic Moine rocks
(hanging wall to Moine Thrust) asymmetrical
single girdle c-axis fabrics (with only a
vestige of a trailing edge) measured on new
grains in planar, foliation-parallel quartz
veins are also compatible with top-to-the-
WNW shearing. However in isoclinally folded
quartz veins opposite fabric asymmetries are
recorded on adjacent fold limbs (indicating
top to WNW and ESE shear senses on long

and short limbs respectively) suggesting that
the folds developed by flexural slip processes
during top to the WNW thrusting regardless of
the local angle between fold hinges and the
WNW thrust transport direction.

5. Both the old and new grain cross girdle c-axis
fabrics from the Cambrian quartzites contain
a small circle fabric component centred close
to the foliation pole, although for any given
sample the small circle component is more pro-
nounced in the new grain fabric. This small
circle fabric component is particularly pro-
nounced in new grain c-axis fabrics at more
than 3.0 m beneath the thrust and, in agreement
with strain analyses, indicates a component of
flattening deformation. A general flattening
deformation is also indicated by small circle
a-axis fabrics obtained by X-ray texture gonio-
metry in these samples. These strain and fabric
data suggest that the Type 1 cross-girdle fabrics
recorded in these quartzites are not reliable
indicators of plane strain deformation, as
often assumed in fabric interpretation.

6. The symmetrical (old grain) and asymmetrical
(new grain) c-axis fabrics developed in
response to different deformation mechanisms
(dislocation glide and climb with some sub-
grain rotation in old grains, versus complete
recrystallization in matrix new grains). The
thin section and outcrop-scale partitioning of
these symmetrical and asymmetrical fabrics
suggests that they have developed essentially
synchronously although, particularly close to
the thrust, non-coaxial deformation associated
with continuing dynamic recrystallization and
asymmetrical fabric formation may have
locally outlasted formation of the more sym-
metrical fabric in the old grains.

7. Quantitative estimates of flow vorticities
associated with mylonite formation at the
Stack of Glencoul are presented in the follow-
ing companion paper by Law (2010). Problems
posed by thin section scale (old v. new matrix
grain) flow partitioning for vorticity analysis
are discussed in this paper and tectonic impli-
cations of integrated strain and vorticity data
from the Stack mylonites are briefly reviewed.
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Moine Thrust zone mylonites at the Stack of Glencoul: II – results

of vorticity analyses and their tectonic significance

R. D. LAW

Department of Geosciences, Virginia Tech., Blacksburg,

VA 24061, USA (e-mail: rdlaw@vt.edu)

Abstract: This paper presents quantitative data from the Stack of Glencoul on flow vorticities
associated with mylonite generation in the hanging wall and footwall of the Moine Thrust,
using samples collected in a vertical traverse from 80 m above the thrust plane to 8.5 m beneath
the thrust. Estimated vorticity numbers (Wm) in Moine pelites and psammites above the thrust
range from 0.775–0.725 (c. 43–47% pure shear component) increasing downwards to 0.83–
0.75 (35–45% pure shear) at 10 cm above the thrust. Wm values in dynamically recrystallized
Cambrian quartzites at 0.5–14.5 cm beneath the thrust range from 0.99–0.90 (10–30% pure
shear). At 3.0–8.5 m beneath the thrust estimated Wm values are less than 0.75 in the quartzites,
although there is some thin section-scale partitioning with Wm values of 0.75–0.65 (45–55% pure
shear) in domains of dynamically recrystallized quartz and Wm values ,0.65 (.55% pure shear)
in domains of relict detrital quartz grains. Integration of strain and vorticity analyses indicates a
vertical shortening of 50–75% in these gently dipping mylonites located at the base of the
Moine Nappe. The tectonic implications of vertical shortening (thinning) and transport-parallel
stretching at the base of the Moine Nappe are discussed.

In this paper strain and crystal fabric data described
by Law et al. (2010) from gently dipping mylonites
exposed at the Stack of Glencoul in the Assynt
region of the Moine Thrust zone (Fig. 1) are used
to estimate flow vorticities associated with thrust-
related penetrative deformation in orientated sam-
ples collected from both the hanging wall (Moine
pelites/psammites) and footwall (Cambrian quart-
zites) of the Moine Thrust (Fig. 2). Distances of
individual samples above/below the thrust plane
are indicated in Table 1.

Three-dimensional (3D) strain ratios indicate that
the mylonitic Cambrian quartzites have been defor-
med in the general flattening field with maximum
principal stretching parallel to the WNW-directed
thrust transport direction, with a significant inter-
mediate principal stretch parallel to orogenic strike,
and a sub-vertical principal vertical shortening of
72–80% perpendicular to foliation, assuming
constant volume deformation. A volume loss of
50–70% would be needed for these data to be
compatible with a plane-strain deformation and no
stretching along orogenic strike.

Crystal fabric data described by Law et al. (2010)
from the Stack of Glencoul mylonites may be
summarized as follows. Optical microscope-based
analyses indicate a spatial partitioning of c-axis
fabrics at both the thin section- and outcrop-scales
in the Cambrian quartzites. Detailed skeletal fabric
parameter analyses indicate that subtle fabric
asymmetries consistent with a top-to-the-WNW

shear sense are present in both fabrics measured on
relict detrital (old) grains and fabrics measured
from small dynamically recrystallized (new) grains
in the matrix surrounding these old grains.
However, for a given sample, the degree of sym-
metry is much higher in the old grain fabrics than
in the corresponding new grain fabrics, suggesting
a strain partitioning between the large old grains
and their surrounding matrix of much finer grained
dynamically recrystallized quartz. Type 1 (Lister
1977) cross-girdle c-axis fabrics from the old
grains display a relatively high degree of symmetry
with respect to foliation and lineation, qualitatively
suggesting approximate coaxial (pure shear) strain
paths. In contrast, analyses of new grains in the sur-
rounding matrix yield significantly more asym-
metric Type 1 cross girdle fabrics consistent with
top-to-the-WNW shear. Traced upwards towards
the overlying thrust plane the new grain fabrics
change from subtly asymmetric cross-girdle
fabrics at distances greater than 0.3 m beneath the
thrust (40–75% volume fraction of quartz recrystal-
lized), to obviously asymmetric cross girdle fabrics
at 15 to 1 cm beneath the thrust (locally 60–100%
volume fraction of quartz recrystallized), to an
asymmetric single girdle fabric at less than 1 cm
beneath the thrust (relict detrital grains only
locally preserved). In the overlying mylonitic
Moine pelites/psammites (hanging wall to Moine
Thrust) asymmetric single girdle c-axis fabrics
(with only a vestige of a trailing edge) measured
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335, 579–602. DOI: 10.1144/SP335.24 0305-8719/10/$15.00 # The Geological Society of London 2010.



on new grains in planar foliation-parallel quartz
veins are also compatible with top-to-the-WNW
shearing.

In this paper an attempt is made to quantify
vorticities associated with: a) flow of both the old
and dynamically recrystallizing new grains in the
mylonitic Cambrian quartzites beneath the Moine
Thrust; and b) flow in the overlying phyllosilicate-
rich Moine mylonites. An attempt is also made to
quantify the increase in vorticity of flow which,
traced upwards towards the thrust, is qualitatively
indicated by the observed increase in asymmetry
of new grain c-axis fabrics within the Cambrian
quartzites. The paper concludes with a discussion
of the structural and tectonic implications of the
integrated strain and vorticity data.

Vorticity analyses

Background

The mylonitic Cambrian quartzites and overlying
Moine rocks in the northern part of the Moine
Thrust zone (Fig. 1) have locally proved appropriate
for employment of an encouragingly large range
of vorticity analysis methods. Three analytical
methods of vorticity analysis have proved particu-
larly appropriate in the Stack of Glencoul mylonites:

1. the rigid grain (primarily feldspar and epidote)
orientation method of Wallis et al. (1993);

2. the oblique recrystallized grain/quartz c-axis
fabric method of Wallis (1992, 1995);

3. the Rxz strain ratio/quartz c-axis fabric method
of Wallis (1992, 1995). All three methods
employ data collected on section planes cut
perpendicular to foliation and parallel to
lineation.

The methods assume: a) steady state flow; b) that
the vorticity vector is orientated perpendicular
to the maximum and minimum principal axes of
finite strain (i.e. lies along the intermediate principal
stretching rate axis during progressive flow); and c)
that a non-coaxial flow will lead to formation of
fabrics with monoclinic symmetry (Simon Wallis
pers. comm. 2003). However, although the three
methods do assume a minimum of monoclinic
symmetry, they remain valid for general three
dimensional strains and do not assume plane strain
(k ¼ 1) deformation conditions (Declan De Paor &
Simon Wallis pers. comm. 2003). In these methods,
the greatest degree of uncertainty in quantifying
input parameters (particularly fabric data), and
hence the greatest degree of uncertainty in estimat-
ing flow vorticities from these parameters, is associ-
ated with methods 2 and 3. Different analytical
methods may record different parts of the strain
path. For example, in cases where fabric overprint-
ing occurs (the strain memory problem; see review
by Lister & Williams 1979) analytical methods
employing crystal fabric data may only be suitable
for investigating the later stages of deformation.

For plane strain deformation, components of
pure shear and simple shear can be quantified
in terms of the kinematic vorticity number Wk
(Means et al. 1980) which ranges between 1.0
(simple shear) and 0.0 (pure shear); simple shear
and pure shear make equal contributions to the
flow at Wk ¼ 0.71 (Fig. 3; Law et al. 2004). In
natural systems the vorticity of flow may vary
with both position and time (Fossen & Tikoff
1997, 1998; Jiang 1998 and references therein). In
such cases of non-steady-state deformation, flow is
more appropriately characterized by the mean kin-
ematic vorticity number Wm, in which the vorticity
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Table 1. Strain and vorticity data from mylonitic Moine pelites (M) and Cambrian quartzites (SG) in hanging wall and footwall to Moine Thrust

Sample Distance
(m)

RXZ Lode’s
y

Nadai
1s

b bf
old g

b bf
new g

b bf
ODF

u
max

Wm
Method 1

Wm
Method 2

Wm – old g
Method 3

Wm – new
g Method 3

Wm – ODF
Method 3

M.6 þ80.00 – – – – – – – 0.73–0.77 – – – –
M.5 þ12.00 – – – – – – – 0.73–0.77 – – – –
M.4 þ8.00 – – – – – – – 0.73–0.75 – – – –
M.3 þ5.00 – – – – – – – 0.62–0.70 – – – –
M.2 þ0.10 – – – – – 188 248 0.74–0.77 0.99 – – –
M.1 þ0.010 – – – – – – – 0.75–0.83 – – – –
SG-1 20.005 18.857 0.351 2.119 – 78 78 208 0.75–0.78 0.77 – 0.9596 0.9595
SG-2.1 20.010 12.76 – – – 118 108 88 – 0.58 – 0.9818 0.9705
SG-2.2 20.040 12.30 – – – 78 – 208 – 0.77 – 0.8949 –
SG-2.3 20.080 11.40 – – – 118 88 168 – 0.79 – 0.9732 0.9138
SG-2.4 20.100 13.50 – – – 118 – 168 0.67–0.74 0.79 – 0.9852 –
SG-2.5 20.145 11.25 – – – 168 98 208 – 0.94 0.9998 0.9379
SG-3 20.300 11.062 0.433 1.79 38 58 38 208 – 0.745 0.5459 0.7552 0.5461
SG-4 20.700 13.408 0.298 1.86 48 18 68 – 0.7333 0.2447 0.8716
SG-6 21.900 10.266 0.402 1.762 08 18 38 188 – 0.55 0.0000 0.1930 0.5192
SG-7 22.500 11.141 0.462 1.793 08 58 28 – – – 0.0000 0.7567 0.3949
SG-8 22.900 10.31 0.302 1.764 48 58 18 – 0.72–0.76 – 0.6402 0.7318 0.1943
SG-9 23.550 9.25 – – 08 08 – – 0.72–0.74 – 0.0000 0.0000 –
SG-10 24.600 14.344 0.286 1.909 18 48 18 – 0.68–0.72 – 0.2598 0.7559 0.2598
SG-11 24.600 15.316 0.442 1.907 38 38 28 – – – 0.6657 0.6557 0.5021
SG-13 28.500 17.292 0.265 1.949 18 68 38 – 0.68–0.70 – 0.3056 0.9216 0.7094

See Law et al. (2010) for record of all available strain data. u max is maximum angle between Sa and Sb; b bf is ‘best fit’ angle between foliation and flow plane inferred from central segment of c-axis fabric
(Fig. 6). For method 1 results: range of Wm values reflect uncertainty in determining critical rigid grain aspect ratio (Rc) – see Figure 4. For method 2 and 3 results: only Wm estimates obtained using ‘best fit’
c-axis fabric skeleton and associated b value are shown. For method 3 results: separate estimates are shown for optically measured old grain and new grain fabrics and for bulk fabrics measured via X-ray
texture goniometry and ODF analysis. Distances (in metres) of samples above (þ) and beneath (2) the thrust plane indicated.
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of flow is integrated over space and time (Passchier
1988). For steady-state deformation Wk (instan-
taneous deformation) ¼Wm (finite deformation).
In our analyses of the Stack of Glencoul mylonites
we express vorticity of flow using Wm.

Method 1: mylonitic Moine and

Cambrian quartzites

This method is based on measuring the orientation
and aspect ratio of rigid porphyroclasts rotating
in a homogeneously deforming matrix, and finding
a critical aspect ratio (Rc) below which porphyro-
clasts continuously rotate and hence their long axes
display no finite preferred alignment, and above
which they achieve stable end orientations. This
method was proposed by Wallis et al. (1993) and
assumes no mechanical interaction between por-
phyroclasts (see also Passchier 1987; Tikoff &
Teyssier 1994; but cf. Johnson et al. 2009).

At the Stack of Glencoul method 1 has proved to
be applicable to both the phyllosilicate-rich Moine
rocks and underlying Cambrian quartzites using
epidote, feldspar and opaque mineral clasts (around
which mylonitic foliation anastomoses) as rigid
grain markers. The structural positions of samples
are indicated in Figure 2 and Table 1. The method
is particularly appropriate for the Moine rocks
where small (typically 30–150 micron grain-size)
rigid clasts are widely separated (commonly by up
to 20 clast diameters) in a matrix of fine grained
phyllosilicates. Foliation defined by aligned phyllo-
silicates (chlorite and white mica) locally anasto-
moses around the equant-elongate clasts, outlining
sigma or delta-shaped tails. In the Cambrian

quartzites equivalent feldspar and epidote clasts
are located within the matrix of fine grained dynami-
cally recrystallized quartz surrounding detrital
quartz grains.

Data plots for individual samples are shown in
Figure 4 and the resulting vorticity estimates are
shown as bar charts in Figure 5a, where the length
of each bar indicates the degree of uncertainty in
assigning the critical rigid grain aspect ratio (Rc)
used to estimate mean vorticity Wm (Law et al.
2004; Jessup et al. 2006). The samples in this bar
chart are ordered in terms of structural position
above (M series samples) and below (SG series
samples) the Moine Thrust plane. Estimated Wm
values range from 0.61 to 0.82 with the majority
of samples falling in the more restricted 0.70–0.75
range (50–45% pure shear component; Fig. 3).
The highest estimated Wm values are recorded in
sample M1 (Wm of 0.75–0.83) at 10 cm above
thrust plane and SG-1 (Wm of 0.75–0.78) at
0.5 cm beneath the thrust, and correspond to a
45–35% pure shear component. A small, but sys-
tematic, decrease in estimated Wm value is detected
with increasing distance beneath the thrust plane
(Table 1; Fig. 5a).

Method 2: mylonitic Cambrian quartzites

This method was originally proposed by Wallis
(1992, 1995) and is based on finding the acute
angle between the flow plane and instantaneous
stretching axes (ISA). Cyclic dynamic recrystalliza-
tion (Means 1981) and the associated formation
of a Type 1 (Lister 1977) cross girdle quartz c-axis
fabric are required for this method to be applicable
(Fig. 6). The orientation of the flow plane is
determined by drawing a perpendicular line to the
central segment of the Type 1 cross-girdle c-axis
fabric on the XZ fabric diagram (Fig. 6a). The orien-
tation of the ISA that is extending is determined by
measuring the orientation of elongate dynamically
recrystallized quartz grains in XZ thin section and
then, from the population of grains measured, dete-
rmining the maximum angle of obliquity (u max)
between foliation and the long axes of these
grains. The long axes of grains at the maximum
angle of obliquity are interpreted to be parallel to
this ISA (Fig. 6b).

At the Stack of Glencoul, method 2 has proved
to be applicable to mylonitic Cambrian quartzites
at less than approximately 2 m beneath the thrust
(Table 1) which are characterized by both an align-
ment (Sb) of elongate dynamically recrystallized
oblique to the main foliation (Sa) and a well devel-
oped central girdle segment of the cross-girdle
c-axis fabric (Law et al. 2010, figs 5a, 11 & 12a).
It is emphasized that microstructural and c-axis
fabric data used in the method 2 analyses were
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Fig. 4. Stack of Glencoul rigid grain plots – method 1. Data from sections cut perpendicular to foliation and parallel to lineation; n is number of grains measured in each section. R is
aspect ratio of porphyroclasts; a positive angle between clast long axes and foliation indicates that clast long axis is inclined towards top-to WNW shear sense, a negative angle
indicates clast long axis is inclined against shear sense. Rc is critical aspect ratio below which clasts are inferred to continuously rotate and above which they attain a stable
orientation; range of uncertainty in Rc value indicated for each sample. Rc is a function of mean kinematic vorticity number (Wm), where Wm ¼ (R2

c � 1)=(R2
c þ 1) (Passchier 1987;

Wallis et al. 1993). Wm estimates for each sample reflect the range of uncertainty in Rc values.
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exclusively taken from foliation-parallel domains of
dynamically recrystallized matrix grains surrou-
nding any relict detrital grains. Resulting vorticity
estimates are shown as bar charts in Figure 5b,
where the length of each bar indicates the degree
of uncertainty in input data (angle between foliation
and central girdle segment of c-axis fabric; highest
angle between foliation and elongate dynamically
recrystallized grains). In comparison with method
1, there is a greater degree of uncertainty in estimat-
ing Wm values using method 2 (cf. Fig. 5a, b). The
majority of samples, however, yield Wm estimates
in the 0.65 to 0.85 range (c. 55–35% pure shear)
which are very similar to the results independently
obtained using method 1 (Fig. 5a).

Located 16 km to the south of the Stack of Glen-
coul intensely recrystallized mylonitic Cambrian

b

y

Pole to foliation

Lineation

Flow plane

Sb max

Sa q max

(a)

(b)

Wm = sin 2z 

z = b + q max

b = 90° – y

Fig. 6. Fabric parameters used in method 2 vorticity
analyses. (a) fabric skeleton (red) to Type 1 (Lister 1977)
cross girdle fabric; flow plane is inferred to be at 908 to
central segment of cross girdle fabric. (b) alignment (Sb)
of elongate dynamically recrystallized quartz grains
orientated oblique to macroscopic foliation (Sa);
maximum angle between grain long axes and foliation
defines u max. Both diagrams are drawn in XZ plane and
indicate a sinistral shear sense.
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Fig. 5. (a) Bar chart of vorticity numbers calculated by
method 1 in Moine (M) and Cambrian quartzites (SG) at
Stack of Glencoul. (b) Bar chart of vorticity numbers
calculated by method 2 in Cambrian quartzites at Stack
of Glencoul; circles indicate input data (Table 1) using
‘best fit’ skeletons from recrystallized (new) grain c-axis
fabrics (Law et al. 2010, figs 11 & 12a); explanation of
parameters used in method 2 is given in Figure 6. (c) Bar
chart of vorticity numbers calculated by method 2 in
Cambrian quartzites at Allt nan Sleach stream section of
southern Assynt (see Table 2, Fig. 1 for location); circles
indicate input data using ‘best fit’ skeletons from new
grain c-axis fabrics (Law et al. 1986, figs 15 & 16).
Lengths of bars in each plot reflect degree of uncertainty
in input parameters used to calculate vorticity number for
individual sample.
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quartzites exposed in the Allt nan Sleach stream
section of southern Assynt (Fig. 1) have also proved
ideally suited for method 2 vorticity analysis. The
microstructures and crystal fabrics of these quart-
zites have previously been described by Law et al.
(1986). The quartzites occupy a similar structural
position immediately beneath the Moine Thrust to
the Stack of Glencoul quartzites, but have dynami-
cally recrystallized by dominant grain boundary
migration (regime 3 of Hirth & Tullis 1992) sugg-
esting higher deformation temperatures than the
Stack quartzites which have recrystallized under
regime 2 (subgrain rotation) conditions. Method 2
yields Wm estimates in the 0.75 to 0.95 range
(45–20% pure shear) for the Allt nan Sleach quart-
zites, with most of the data falling in the
Wm ¼ 0.85–0.95 range (Fig. 5c; Table 2).

Method 3: mylonitic Cambrian quartzites

This method is based on measuring Type 1 (Lister
1977) cross-girdle quartz c-axis fabrics and strain
ratios in the XZ plane of finite strain (RXZ). The
method was proposed by Wallis (1992, 1995) and
is summarized in Figure 7. For the Stack of Glen-
coul mylonites the deformed detrital quartz grains
were used as strain markers. Details of the strain
analyses are given by Law et al. (2010) and the
results are summarized in Table 1.

Microstructural and c-axis fabric data used in the
method 2 analyses of the Cambrian quartzites expo-
sed at the Stack of Glencoul were exclusively taken
from foliation parallel domains of dynamically
recrystallized matrix grains surrounding any relict
detrital grains. In method 3 analyses, however, the
strain data used in estimating Wm values are taken
from the deformed relict detrital grains in the Cam-
brian quartzites. Fabric data used in the method
3 analyses could be taken either from the c-axis
fabrics measured on the relict detrital (old) grains
or on the recrystallized (new) matrix grains. Here
the problem is that the old and new grain fabrics
in individual samples have different degrees of
skeletal fabric asymmetry (Law et al. 2010), with
the new grain fabrics generally being more asym-
metric than the corresponding old grain fabrics in
the same sample (Figs 6 & 7 – lower c values and
hence greater b values), resulting in higher estima-
ted Wm values (i.e. smaller pure shear components)
using the new grain fabrics. Alternatively, either
combined optically-measured old and new grain
c-axis fabrics or fabrics derived from X-ray texture
goniometry (in which the X-ray beam scans across
all grains exposed on a sample surface) could be
used as input data in method 3 analyses, resulting
in compromise Wm estimates.

Method 3 Wm estimates based on the axial
ratios of old grains, together with fabric data from
optically-measured new and old grain fabrics in
the mylonitic quartzites, are shown in Figure 7a, b,
respectively. Uncertainty in assigning a b value to
the skeletal fabric (Fig. 6) is indicated by the vertical
error bars, and the filled circles indicate b values
from a ‘best fit’ fabric skeleton to the contoured
fabric data. Estimated Wm values are extremely
sensitive to uncertainty in b values chosen as
input data but, at least in the range of strain values
(Rxz .10) obtained in the Cambrian quartzites at
the Stack of Glencoul (Table 1), Wm values are
fairly insensitive to uncertainty in strain ratio
Rxz (Fig. 7). Therefore, although strain estimates
based on the axial ratios of old grains may be
lower than bulk strains in the surrounding matrix
of recrystallized grains, Wm values should not be
significantly underestimated. Samples SG-1 and
SG-2.1–2.5, located at less than 15 cm beneath
the thrust plane (red circles), yield the highest
estimated Wm values (0.90–0.99; less than 30%
pure shear). Samples at greater distances beneath
the thrust (orange and blue circles) yield lower
Wm estimates (0.80–0.00) using both new and
old grain fabric data (Fig. 7a, b) indicating a
higher pure shear component (40–100%). A very
similar spatial distribution of estimated Wm
values with distance beneath the thrust is obtained
using bulk fabric data from X-ray texture gonio-
metry (Fig. 7c).

Table 2. Vorticity data from Allt nan Sleach stream
section of southern Assynt

Sample Distance
(m)

b bf
new g

u
max

Wm
method 2

AS-1 þ1.50 268 – –
AS-2 20.50 48 – –
AS-3 21.00 58 268 0.866
AS-4 216.00 48 228 0.766
AS-5 222.00 108 268 0.927
AS-6 þ0.50 – – –
AS-7 20.005 178 248 0.985
AS-8 20.04 78 248 0.875
AS-9 218.00 78 248 0.857
AS-10 235.00 58 208 0.719
AS-11 255.00 158 188 0.875
AS-12 – 68 288 0.899

Note: Between samples AS-5 and AS-6 Moine Thrust is repeated
by faulting in stream section. Samples AS-1 and AS-6 are myloni-
tic Moine pelites; all remaining samples are mylonitic Cambrian
quartzite; see Law et al. (1986) for details. u max is maximum
angle between Sa and Sb; b bf is ‘best fit’ angle between foliation
and flow plane inferred from central segment of optically measured
c-axis fabric (Fig. 6). Only Wm estimates obtained using ‘best fit’
c-axis fabric skeleton and associated b value are shown. Distances
(in metres) of samples above (þ) and beneath (2) the Moine
Thrust plane indicated.
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Fig. 7. Vorticity numbers calculated by method 3 in Cambrian quartzites at Stack of Glencoul. Strain data are taken from Table 1. b values are taken from quartz c-axis fabrics (Law
et al. 2010, figs 11 & 12) measured by optical microscopy on recrystallized grains (a) and detrital grains (b) and c-axis fabrics calculated by ODF analysis of X-ray texture
goniometry data, which includes both relict detrital grains and recrystallized grains (c). Contours of equal vorticity number indicated. Length of error bars reflect degree of
uncertainty in measuring b in each sample; circles indicate b value (Table 1) obtained from ‘best fit’ skeleton. Note generally lower vorticities indicated by b values in c-axis fabrics
from detrital grains. Explanation for colour coding of data: red circles – samples SG-1 and SG-2.1 to 2.5 at 0.5 to 14.5 cm beneath thrust; orange circles – samples SG-3 and SG-4 at
0.3 and 0.7 m beneath thrust; blue circles – samples SG-6 to SG-13 at 1.9 to 8.5 m beneath thrust (cf. Fig. 2, Table 1). Samples at less than 30 cm beneath Moine Thrust plane (SG-1,
SG-2.1 to 2.5) exhibit greatest recrystallization and highest vorticity numbers.
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Comparison of Wm estimates for old and new

grain domains using method 3

As previously described by Law et al. (2010), new
grain fabrics in samples SG-3 to SG-13 are subtly
more asymmetric than corresponding old (detri-
tal) grain fabrics measured in individual samples,
qualitatively indicating a greater degree of vorticity
associated with flow and dynamic recrystallization
of the matrix grains. This interpretation is strongly

supported by method 3 analyses in which estimated
Wm values using b data from new grain fabrics
are higher than Wm values estimated from detrital
grain data in six out of the nine samples analysed
(Fig. 8a; Table 1). For the remaining three
samples: a b value of 08 for both old and new grain
fabrics in sample SG-9 constrains Wm values to
zero for both the old and new grain domains, a b
value of 38 for both old and new grain fabrics in
sample SG-11 results in a Wm value of 0.66, while
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Fig. 8. (a) Comparison between method 3 Wm estimates using input data from old and new grain c-axis fabrics;
b values from best fit fabric skeletons used. (b) Comparison between method 1 and method 3 Wm estimates; for method
1 calculations median Rc value used (Fig. 4), for method 3 calculations b values from best fit fabric skeletons to new
grain fabrics used. (c) Comparison between method 2 and method 3 Wm estimates; b values from best fit fabric
skeletons to new grain fabrics used in both methods. All data from Cambrian quartzites (SG series); sample numbers
indicated. Wm values are also compiled in Table 1.
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only in sample SG-4 is the b value for the new grain
fabric smaller than the old grain fabric (i.e. c value
for new grain fabric is smaller than for old grain
fabric; Law et al. 2010, fig. 16f) leading to a
greater Wm estimate for the old grains (Fig. 8a).

Care should be exercised, however, in not over
interpreting these data. For example, Wm estimates
using method 3 are extremely sensitive to small
uncertainties in b values (Fig. 7) obtained from
skeletal analysis of the c-axis fabrics. Additionally
it is possibly unreasonable to assume that strain esti-
mates obtained from the relict detrital grain shapes
(Table 2; Law et al. 2010) are also applicable
to the new grain matrix domains; higher strain mag-
nitudes in the matrix domains would shift Wm esti-
mates to higher values. As argued above, however,
this strain magnitude effect on estimated Wm
values is probably very minor, compared with the
difficulty of accurately assigning an appropriate b
value from the c-axis fabric skeleton (Fig. 7).

Comparison of Wm estimates using

methods 1, 2 and 3

Method 3 analyses using input fabric data from new
grains yield higher Wm estimates than method 1
analyses of secondary phase rigid grain orientations
in the matrix of recrystallized new grains (Fig. 8b;
Table 1). Similarly, method 3 new grain analyses
also yield higher Wm estimates than method 2
which uses input data from both the c-axis fabric
skeleton and maximum obliquity to foliation of
elongate dynamically recrystallized quartz grains
(Fig. 8c; Table 1). In the second case these
data are exclusively taken from the largely recrystal-
lized Cambrian quartzites (samples SG-1 and
SG-2.1 to 2.5) immediately beneath the Moine
Thrust plane.

Once again, however, care should be exercised
in not over interpreting these data as Wm estimates
using methods 2 and 3 are extremely sensitive to
small uncertainties in b values (Fig. 7) obtained
from skeletal analysis of the c-axis fabrics.

Vorticity analyses and structural position

Vorticity values in the hanging wall to

the Moine Thrust

Only method 1 has proved appropriate for the mylo-
nitic Moine pelites and psammites located above
the thrust plane. However, the wide dispersion of
rigid clasts (30–150 micron grain size) in these
phyllosilicate-rich mylonites makes them ideal for
this method of vorticity analysis. Estimated Wm
values are (with one exception) in the 0.775–
0.725 range (c. 47–43% pure shear component)

increasing downwards to 0.83–0.75 (35–45%
pure shear) at 10 cm above the thrust plane
(sample M.1; Fig. 5a; Table 1).

Vorticity values adjacent to the Moine Thrust

At the Stack of Glencoul foliation is parallel to the
planar contact between mylonitic Cambrian quart-
zite and overlying Moine rocks taken to mark the
Moine Thrust (Law et al. 2010, fig. 4) and presum-
ably the thrust plane is parallel to the shear plane
(flow apophysis). Numerical simulations predict that
the leading edge or central segment of the Type 1
cross-girdle c-axis fabric skeleton should develop
perpendicular to the shear plane (e.g. Lister &
Hobbs 1980; Etchecopar & Vasseur 1987; Jessel
& Lister 1990) during progressive simple shear.
This is a central assumption in the methods 2 and
3 vorticity analysis techniques pioneered by Wallis
(1992, 1995) and is supported by simple shear exp-
eriments on analogue materials (e.g. Bouchez &
Duvall 1982; Herwegh & Handy 1996; Herwegh
et al. 1997); see also Law et al. (1990) for a
natural simple shear example from the Torridon
area in the foreland to the Moine Thrust zone.
Therefore if foliation is orientated parallel to the
thrust plane, as observed at the Stack of Glencoul,
then the leading edge of the fabric skeleton should
be perpendicular to both the thrust plane and foli-
ation (with c ¼ 908 and b ¼ 08; Fig. 6a).
However, at this locality the leading edge of c-axis
fabrics close to the Moine Thrust is clearly inclined
to the foliation-parallel thrust plane (Law et al.
2010, figs 9, 10 & 11). Observed b values for
single- and cross-girdle fabrics in samples SG-1
and SG-2 (measured at less than 15 cm beneath
the thrust plane) range from 7–168 (i.e. c ranges
from 83–748) in optically measured recrystallized
grain fabrics and 7–178 in fabrics derived from
X-ray texture goniometry (combined old and
new grains); see Table 1. These data suggests that
either the foliation is not parallel to the shear
plane or that the leading edge of the c-axis fabrics
is leaning in the shear direction, rather than being
orientated perpendicular to the shear plane.

The contact between the Cambrian quartzites
and overlying Moine rocks must have been a slip
surface during the early stages of thrusting, but
over time the bulk shear plane may have been con-
strained more by the large scale geometry of the
thrust wedge, and the lithological boundary may
have become a passive marker within the mylonite
zone. In that case the orientation of the foliation
may have little relevance to the kinematics of later
deformation (John Platt, pers. comm. 2008). Alter-
natively, perhaps it is unrealistic to assume that
geometric relationships observed in numerical
and experimental simulations of steady-state strict
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simple shear deformation (e.g. leading edge of
c-axis fabrics developing and remaining per-
pendicular to the shear plane during progressive
deformation) are also applicable to general shear
conditions. The obliquity between finite strain fea-
tures (thrust-parallel foliation and lineation) and
the asymmetric fabrics may, in agreement with the
vorticity analyses, indicate that flow has departed
from strict simple shear even within less than a
few centimetres of the thrust plane.

Heilbronner & Tullis (2002, 2006) have descri-
bed split cylinder experiments on dynamically
recrystallizing quartz aggregates subjected to simul-
taneously imposed components of simple shear
and shear plane-normal shortening (i.e. a general
shear) in which single girdle c-axis fabrics rotated
with respect to the experimentally imposed shear
couple (i.e. b values increased and c values
decreased) with increasing shear strain. In these
experiments, the single girdle fabric was inclined
at progressively smaller angles to the shear couple
with increasing shear strain (268 at a shear strain
of 11.5) while still giving the correct shear sense
(Heilbronner & Tullis 2006, fig. 6). Analysis of
the published shear strain components parallel to
shear zone margins, and shortening components
perpendicular to shear zone margins, indicate that
Wm values for all these general shear experiments
fall in the Wm ¼ 0.99–0.975 range (Law unpub-
lished data), corresponding to a c. 95–90% simple
shear (5–10% pure shear) component. This
possibility of a rotating fabric skeleton is consistent
with the observation that the highest b values are
recorded (Table 1) in sample M.2 (X-ray data)
located at 10 cm above thrust plane and samples
SG-1 and SG-2.1 to 2.5 (optical data) located
at less than 15 cm beneath the thrust where the
highest shear strains would intuitively be
expected. If a similar progressive rotation of the
leading edge of the c-axis fabrics has occurred
during top-to-the-WNW thrusting in the Stack
mylonites then the measured b values close to the
thrust plane would be too high, leading to an overes-
timation of Wm values (i.e. estimated simple shear
component is too high) using both method 2 and
method 3 vorticity analyses (Figs 5b & 7
respectively).

High Wm values (i.e. high simple shear com-
ponents) are intuitively to be expected adjacent to
the Moine Thrust plane, and were qualitatively pre-
dicted by Law et al. (1986) based on quartz fabric
variation at the Stack of Glencoul. Certainly, using
method 1 the highest Wm values (0.83–0.75)
within the mylonitic hanging wall and footwall
rocks are recorded in samples M.1 and SG-1
(Fig. 5a) located at 10 cm above and 0.5 cm
beneath the thrust plane respectively. Wm values
of 0.90–0.99 are estimated by method 3 in

samples SG-1 and SG-2.1 to 2.5 (Fig. 7a) located
at less than 14.5 cm beneath the thrust plane, and
correspond to simple shear components of greater
than 70% (Fig. 3). In the same samples method
1 yields Wm estimates in the 0.675–0.775 range
(Fig. 5a) and method 2 yields Wm estimates in the
0.575–0.95 range with the majority of samples in
the 0.76–0.79 range (Fig. 5b). These Wm estimates
correspond to simple shear components of c. 40–
75% and 55–60% respectively. Given the above
discussion, comparison between Wm estimates
obtained from methods 1 and 3 suggests that
method 3 may significantly overestimate the
simple shear component close to the thrust plane.

Vorticity values in the footwall to the

Moine Thrust

In the Cambrian quartzites methods 1 and 2
only used microstructures and fabrics from the
fine-grained domains of matrix quartz that surround
the relict detrital quartz grains. Therefore the vorti-
city estimates from methods 1 and 2 (Fig. 5a, b)
relate exclusively to flow within these domains of
dynamically recrystallizing quartz. Unfortunately
not all quartzite samples contained both the rigid
second phase particles and oblique recrystallized
grain shape alignments needed for methods 1 and
2 respectively. For both methods Wm estimates dom-
inantly fall in the 0.7–0.8 range (50–40% pure shear
component). Method 1 analyses indicate that Wm
progressively decreases with distance beneath the
thrust, with Wm values adjacent to the thrust of
0.83–0.75 (samples M.1 and SG-1; 35–45% pure
shear component) decreasing to a Wm value of
0.70–0.68 at 8.5 m beneath the thrust (sample
SG-13; c. 50% pure shear component). A somewhat
less convincing decrease in Wm values with distance
beneath the thrust is indicated by the method 2 ana-
lyses (Fig. 5b; Table 1), but this technique only
proved appropriate for samples to a maximum
distance of 1.9 m beneath the thrust (sample SG-6).

Method 3 analyses consistently indicate that
while samples SG-1 and SG-2.1 to 2.5 located at
less than 14.5 cm beneath the thrust plane have
Wm values in the 0.90–1.00 range, samples at
greater distances beneath the thrust have lower
Wm values regardless of whether b values from
old or new grain fabrics are used in calculating
Wm (Fig. 7a, b). A very similar distribution of
Wm values is obtained using b values from c-axis
fabrics regenerated from X-ray texture goniometry
(Fig. 7c) in which the X-ray beam scans across
both new and old grains. These quantitative vorti-
city data strongly support the original interpretation
made by Law et al. (1986) that increasing c-axis
fabric asymmetry traced upwards towards the
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thrust plane (Law et al. 2010, fig. 3) indicates an
increasing simple shear component. The only
exception to this pattern of upward increasing flow
vorticities is the Wm estimate of 0.92 for sample
SG-13 (Fig. 7a) using a b value from the new
grain fabric. This high Wm value at the structural
base of the exposed mylonitic Cambrian quartzites
(Fig. 2) may reflect proximity of sample SG-13 to
an underlying thrust that has placed these mylonites
on top of relatively undeformed quartzites which
have only a weak penetrative foliation (Law et al.
1986, 2010).

Domainal variation in shear strain (g) with

distance from thrust plane

Estimated Wm values are highest in the intensely
recrystallized mylonitic Cambrian quartzites
located in the immediate footwall to the thrust
plane (samples SG-1 and 2.1–5). Additionally the
highest strain magnitude in the footwall mylonites
was measured adjacent to the thrust plane
(Table 1, sample SG-1). In combination, these
observations suggest that the highest shear strains
(g) should also have occurred close to the thrust
plane. Unfortunately there are no suitable markers
in these dynamically recrystallized quartzites for
directly measuring shear strains and an indirect
approach must therefore be taken. The influence of
Wm value on relationships between strain ratio
(Rxz) and shear strain (g) has been explored using
the STRAIN & SHEAR CALCULATOR 3.1
program (produced by Rod Holcombe and down-
loadable as freeware from Holcombe, Coughlin &
Associates web site). Interestingly, this numerical
modelling indicates that, for a given Rxz value,
highest shear strains (g) are not obtained in simple
shear (Wm ¼ 1), but at Wm values of approxi-
mately 0.95–0.97 (Fig. 9a, b). Similarly, Fossen &
Tikoff (1997, p. 990) have demonstrated that, for a
given finite strain (Rxz), a simultaneous combination
of simple and pure shear is a more effective strain
history than simple shear for accumulating offset
parallel to shear zone boundaries. In the following
discussion it should be kept in mind, however, that
while numerical modelling using the Holcombe
program assumes plane strain (k ¼ 1) deformation,
strain analyses indicate that the footwall mylonites
have developed in the general flattening field
(Table 1; Law et al. 2010).

Three-dimensional strain analysis (Law et al.
2010) indicates that strain ratios for the footwall
quartzites at the Stack of Glencoul are in the
Rxz ¼ 10–20 range (Table 1) with the highest
estimated Rxz values (sample SG-1) occurring
within 0.5 cm of the thrust plane. Wm values esti-
mated by method 3 from new grain fabrics are

dominantly greater than 0.65–0.70 (the exceptions
being samples SG-4, 6 and 9), while Wm values
from old grain fabrics are below this threshold
value (Fig. 9b). Comparison of these strain/vorti-
city data with the theoretical curves in Figure 9a, b
confirms that the highest shear strains are indicated
adjacent to the thrust plane (samples SG-1 and
SG-2.1 to 2.5) with an estimated shear strain of
approximately 8.0–9.0 for SG-1 (Wm ¼ 0.9595,
Rxz ¼ 18.857; Table 1) at 0.5 cm beneath the
thrust plane. Shear strains of 4–6 are indicated for
samples SG-2.1 to 2.5 at 1.0 cm to 14.5 cm beneath
the thrust. At greater distances beneath the thrust
plane (samples SG-3 to 11) estimated shear strains
are less than 3.0, although there is some flow parti-
tioning between the domains of new and old grains
with higher Wm values – and hence higher inferred
shear strain g values – in the new grain domains
(red circles in Fig. 9b). This is schematically illus-
trated in Figure 9a where the orange colour-coded
field indicates flow within the new grain domains
and the blue field indicates flow within the old
grain domains. The high g values indicated for
new grain domains in sample SG-13 (Fig. 9b) at
the base of the footwall mylonite sequence may,
as discussed above, indicate proximity to a thrust
that separates these mylonites from underlying
weakly deformed Cambrian quartzites. Because
we have no finite strain data from the Moine
pelites/psammites we are unable to estimated
shear strains for these tectonites in the hanging
wall to the Moine Thrust plane.

Within observational error, foliation in both the
Cambrian quartzites and Moine pelites/psammites
is parallel to the Moine Thrust plane at the Stack
of Glencoul (Law et al. 2010, figs 4a–c). In the foot-
wall quartzites foliation is also parallel to lithologi-
cal banding (assumed to mark bedding; McLeish
1971; Wilkinson et al. 1975). If deformation
throughout the mylonites was due to simple shear
(Wm ¼ 1) parallel to the thrust plane (and
bedding) then very large strain magnitudes would
be needed to rotate foliation into sub-parallelism
with the thrust plane/bedding. Numerical modelling
indicates that for a strain ratio of Rxz ¼ 15 (similar
to that estimated for samples SG-1 and SG-2.1 to
2.5) foliation would still be inclined at c. 138 to
the shear plane in simple shear (Fig. 9c). In other
words the estimated strain ratios are too low to
account for the observed parallelism between foli-
ation, bedding and the thrust plane in terms of
strict simple shear (Wm ¼ 1) deformation.
However for an Rxz ¼ 15 strain ratio and Wm
values of less than c. 0.95 the calculated angle of
obliquity between foliation and the shear plane/
bedding is less than 2–38 (Fig. 9c). These data
provide additional evidence that flow within the
Stack mylonites, even immediately adjacent to the
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Fig. 9. Relationships between strain ratio (Rxz), shear strain (g) vorticity number (Wm) and orientation of foliation and
Skolithos pipes; shearing parallel to bedding during plane strain constant volume deformation assumed. Basic data
derived using STRAIN & SHEAR CALCULATOR 3.1 program (produced by Rod Holcombe and down-loadable as
free ware from Holcombe Coughlin & Associates web site). (a) Influence of Wm and shear strain (g) on Rxz strain ratio.
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Moine Thrust plane, deviated from strict simple
shear. However, for a Wm value of 0.95–0.97
(Fig. 9c) the pure shear component would only be
in the 20–10% range (cf. Fig. 3).

Implications of vorticity analyses for Pipe

rock strain data

Sheared Skolithos burrows – informally referred
to as pipes – are present at one horizon in the
Cambrian quartzites exposed at the Stack of Glen-
coul (Fig. 2). Within this horizon of mylonitic
‘Pipe rock’ the intensely deformed worm burrows
trend parallel to the ESE-plunging stretching linea-
tion present on the foliation planes, but plunge
slightly more steeply to the ESE. Analysis of
polished slabs of mylonitic Pipe rock from this
locality by Wilkinson et al. (1975) indicates that
the deformed pipes are orientated at an angle of
1–28 to the foliation/lithological banding. Given
that in the undeformed state these originally cylind-
rical pipes are orientated perpendicular to bedding,
the observed very low angle of obliquity (1–28)
between pipes and lithological banding (assumed
to be deformed bedding) would intuitively suggest
large magnitude shear strains. Sample SG-8 is
taken from this horizon of mylonitic Pipe rock.

Assuming simple shear oblique to bedding,
Wilkinson et al. (1975) estimated that the low angle
of obliquity (1–28) between lithological banding
and the deformed pipes indicated shear strains (g)
of 9 and 12 in the two samples they analysed. This
corresponds to Rxz strain ratios of 80 and 146
respectively, assuming simple shear deformation.
However, our 3D strain analyses of the mylonitic
Cambrian quartzites at the Stack of Glencoul
(which used deformed relict detrital grain shapes)
indicates that the estimated strain ratio in sections
cut perpendicular to foliation and parallel to the
stretching lineation is in the Rxz ¼ 10–18 range
(Table 1; Law et al. 2010). A Rxz strain ratio of
10.31 is estimated for the Pipe rock horizon
(sample SG-8). While accepting that our strain ana-
lyses, which are based on 3D shape of relict detrital
quartz grains, may either underestimate finite strain
(e.g. if an appreciable amount of the total strain is

partitioned into the recrystallized matrix surround-
ing the relict grains) or potentially overestimate
strain magnitude (e.g. due to dynamic recrystalliza-
tion around the margins of the marker relict detrital
grains), it seems highly unlikely that our analyses
have underestimated the Rxz strain ratio by at least
a factor of 4–14.

Interestingly, in discussion of the Wilkinson
et al. (1975) data, Sanderson (1982, pp. 214–215)
has argued that the high angular shear strains indi-
cated by deformed pipes at the Stack of Glencoul
could be associated with relatively low Rxz strain
ratios if deformation involved bedding-parallel
shear with a significant positive stretch parallel to
transport in the shear plane, that is, deformation
involved a general shear with a vorticity number
(Wm) less than 1.

Numerical modelling of bedding-parallel shear
using data generated by the STRAIN & SHEAR
CALCULATOR 3.1 program indicates that angles
of obliquity of 2–58 between bedding and pipe
long axes are achieved at Rxz strain ratios of 10 to
15 for flow vorticities in the Wm ¼ 0.60–0.95
range assuming plane strain deformation (Fig. 9d),
with much higher angles of obliquity being pro-
duced at both lower vorticities (i.e. pure shear-
dominated flow) and higher vorticities (i.e. simple
shear). This is due to the complex interplay
between vorticity number, Rxz strain ratio and
angular shear strain (g) during plane strain defor-
mation. Stated informally, within a certain range
of Wm values and starting angles (between the
shear plane, bedding and pipes) the pure shear com-
ponent acts to increase the rate of angular shear
strain (Declan De Paor and Carol Simpson pers.
comm. 2007). Three dimensional flow indicated
by our strain analyses (Table 1; Law et al. 2010)
is presumably even more complex. We note,
however, that the range of vorticities
(Wm ¼ 0.60–0.95) indicated by these modelling
results (Fig. 9d) for 48 to 28 angles of obliquity
between pipes and bedding are in good agreement
with vorticities estimated by our microstructural/
petrofabric techniques, and particularly our
method 1 (rigid grain) analyses (Fig. 5a) and
method 2 (quartz c-axis fabric/oblique recrystal-
lized grain shape) analyses (Fig. 5b). Additionally,

Fig. 9. (Continued) Note that maximum (g) for a given Rxz value occurs at sub-simple shear – approximately
Wm ¼ 0.95. In Cambrian quartzites Rxz values range between 10 and 20 (Table 1); blue and pink shaded areas indicate
ranges of Wm values typically estimated using old and new grain fabrics (method 3) respectively. (b) Influence of Wm
and Rxz strain ratio on shear strain (g). Contours plotted for g ¼ 0.5, 1.5, 2.0, 3.0, 4.0 (labelled) and 5.0, 6.0, 7.0 and
8.0 (unlabelled). Data points are for Cambrian quartzite samples (SG series, Fig. 2) with blue circles indicating
method 3 Wm estimates based on input data from old grain fabrics and red circles input data from new grain fabrics.
Sample SG-8 is taken from horizon of mylonitic Pipe rock (Fig. 2). Note high g values indicated for samples SG-1 and
SG-2.1 to 2.5 adjacent to Moine Thrust plane and for SG-13 located at base of the mylonites. (c, d) Influence of Wm and
Rxz strain ratio on orientation of foliation (c) and Skolithos pipes (d) with respect to shear plane. Bedding-parallel
shear assumed.
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method 3 vorticity analysis using strain
(Rxz ¼ 10.31; Table 1) and ‘best fit’ recrystallized
grain fabric data in sample SG-8 (collected from
the Pipe rock horizon – Fig. 2) yields an estimated
Wm value of 0.73 (Figs 7a & 9b) which is consis-
tent with the obliquity of c. 28 between lithological
banding and pipe long axes reported by Wilkinson
et al. (1975) at this structural position (see
Rxz ¼ 10 and 15 curves in Fig. 9d). Our integra-
ted strain and vorticity data for Pipe rock sample
SG-8 indicate shear strains (g) in the 1.5–3.0
range depending on input parameters used (Fig. 9b).

Structural and tectonic significance of

strain and vorticity data

Structural implications for vertical thinning

and transport-parallel stretching

Using numerical relationships originally established
by Wallis et al. (1993), integration of our strain and
vorticity data allows us to estimate the amount of
shortening in the mylonitic Cambrian quartzites
at the Stack of Glencoul, measured perpendicular
to the flow plane (Fig. 10). There would be no short-
ening if deformation was by simple shear. For
plane strain deformation, stretching parallel to the
flow plane in the transport direction is simply
the reciprocal of the shortening value. However,
the situation is more complex in the mylonitic Cam-
brian quartzites where our strain analyses indicate
deformation within the general flattening field
with along strike stretching (Table 1; Law et al.
2010). The influence of these along-strike stretches

must be taken into account in estimating the amount
of transport-parallel stretching associated with
shortening perpendicular to the flow plane
(Fig. 11). For a given amount of shortening, the
greater the along-strike stretch (or elongation), the
smaller the amount of transport-parallel stretching.

Assuming constant volume deformation, our
integrated 3D strain and vorticity data indicate a
shortening of approximately 50–75%, depending
on structural position and method of vorticity
analysis employed (Fig. 12a). This shortening is at
right angles to the gently dipping Moine Thrust
plane and was probably originally sub-vertical
before gentle down to the east tilting of the mylo-
nites produced by thrust sheet stacking along
the Moine Thrust zone. Estimates of associated sub-
horizontal transport parallel stretching for individ-
ual samples, taking in to account along strike
stretching of 28–49% indicated by our 3D strain
analyses (Table 1; Law et al. 2010), range from
40–200%, with some clustering of estimates in the
100–130% range (Fig. 12b). This wide spread of
transport-parallel stretching estimates (in compari-
son with the small range in shortening estimates)
is simply due to small changes in the estimated
amounts of shortening and along-strike extension
resulting in very large changes in estimated stretch-
ing parallel to the transport direction (Fig. 11).

Although no great significance should probably
be attached to the exact stretching values obtained
from individual samples, we interpret our integra-
ted strain and vorticity data from the Stack
of Glencoul as indicating that vertical thinning
and transport-parallel stretching was an important
tectonic processes during thrusting at the base
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Fig. 10. Calculation of shortening value (S) measured perpendicular to flow plane (FP), taking into account both strain
magnitude and vorticity of flow (adapted from Wallis et al. 1993). Assuming plane strain deformation, stretch measured
parallel to the flow plane in the transport direction is given by S21.
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of the Moine Nappe – as previously suggested
by Sanderson (1982) based on numerical simulation
of strain data, by Law et al. (1986) based on
microstructural and crystal fabric data, and by
Holdsworth (1989a) based on the orientation
and intensity of macroscopic fabrics within the
Moine Nappe.

Tectonic implications of vertical thinning

The internal parts of many orogenic belts are charac-
terized by flat-lying or gently dipping foliations
orientated sub-parallel to the boundaries of nappes
or thrust sheets (e.g. Sanderson et al. 1980; Platt
& Behrmann 1986); this is also true of the mylonite
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Fig. 11. Curves of shortening perpendicular to flow plane versus extension in transport direction for plane strain (0%
stretch in Y), and corresponding curves for general flattening with 10–60% stretch in Y. At high shortening strains a
small increase in shortening produces a large increase in estimated transport-parallel extension (cf. Fig. 12).
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Fig. 12. (a) Shortening values measured perpendicular to flow plane for Stack of Glencoul Cambrian quartzites, taking
into account both strain magnitude and vorticity of flow. (b) Corresponding extensions in flow plane parallel to transport
direction, taking into account extension in Y for individual samples. Note: relatively tight clustering of shortening
estimates and wide range of extension estimates. This is because at high shortening strains a small increase in shortening
produces a large increase in estimated transport-parallel extension (Fig. 11).
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zones associated with the Moine Thrust and over-
lying Moine Nappe (e.g. Holdsworth 1989a; Alsop
et al. 2010). As recently discussed by Ring &
Kassem (2007), production of flat-lying foliations
by horizontal simple shear deformation requires
extremely high shear strains throughout the entire
thickness of the nappe pile, and yet quantitative
strain studies commonly indicate that strain magni-
tudes are far lower than required to produce such
flat-lying foliations in simple shear (Scandinavian
Caledonides: Simpson & De Paor 1993, 1997;
Northrup 1996; European Alps: Kassem & Ring
2004). This suggests that nappe emplacement – at
least in the middle/lower ductile crust – most
likely occurs by a combination of simple shear
with a pure shear component of vertical flattening/
shortening. Vertical thinning is presumably driven
by lithostatic loading and may therefore be expected
to increase in magnitude with depth beneath the
brittle/ductile (i.e. elastic/plastic) transition zone.

Although admittedly only from one locality, the
integrated strain and vorticity data reported in this
paper indicates a vertical shortening of 50–75%
for the Stack of Glencoul mylonites at the base of
the Moine Nappe. In the Loch Eriboll area to the
north, integrated strain and vorticity data indicate
a vertical shortening of 25–55% at the base of
the Moine Nappe (Thigpen et al. 2010). Similar
integrated vertical shortening estimates have
recently been reported for other convergent
orogens including: the Hellenides of Greece (30–
45%; Xypolias & Koukouvelas 2001; Xypolias &
Kokkalas 2006; Xypolias et al. 2010); the Himalaya
(10–30%, Law et al. 2004) and the European Alps
(66%; Ring & Kassem 2007).

Vertical thinning by penetrative deformation
associated with combined pure and simple shear
(i.e. a general shear) provides at least one mechan-
ism for exhuming deeper crustal rocks to shallower
levels (e.g. Feehan & Brandon 1999) and will be
most effective below the brittle-ductile transition
zone. In the case of the European Alps numerical
modelling suggests that vertical ductile thinning
may have contributed about 25% or c. 12 km to
the overall exhumation (Ring & Kassem 2007). At
the base of the Moine Nappe the estimated 50–
75% vertical thinning in the Stack of Glencoul
mylonites would contribute 20–35% to ductile
exhumation using the one dimensional model of
Feehan & Brandon (1999, fig. 11) and assuming
constant volume deformation.

Partial exhumation by vertical thinning may
have thermal as well as geometric consequences.
For example, inversion of metamorphic isograds
associated with thrusting has been reported in
many convergent orogens (e.g. Main Central Thrust
zone in the Himalaya) and numerous structural
and thermal models have been proposed for such

inversion (see reviews by Harrison et al. 1999;
Vannay & Grasemann 2001, pp. 258–260). A
similar, although much broader scale, inversion of
metamorphic isograds is present in the Moine
Nappe with a downward sequence from mid- to
upper amphibolite facies temperatures (now
recorded in the eastern part of the nappe) to greens-
chist facies and anchizone within the Moine Thrust
zone and on the Caledonian foreland (Soper &
Brown 1971; Johnson et al. 1985; Barr et al. 1986;
Holdsworth et al. 2001; see also discussion by
Johnson & Strachan 2006). What is rarely con-
sidered, however, is how these inverted isograds
are preserved after thrusting of hot over colder
rocks, as heating (thermal overprinting) of the struc-
turally lower rocks should occur unless the hot over-
lying rocks are rapidly removed. Vertical thinning
of hot hanging wall rocks associated with a com-
ponent of pure shear deformation provides at least
one potential mechanism for preserving structurally
deeper inverted metamorphic isograds if it can result
in sufficiently rapid exhumation and cooling. For the
Moine Thrust zone, deformation characters range
from fully brittle to fully ductile (crystal plastic)
traced upwards over a vertical distance of less than
1 or 2 km from the Sole thrust to the Moine mylo-
nites. This has important implications as it suggests
that, on average, the thrust system was being
exhumed more rapidly than it was being thickened
tectonically (John Platt, pers. comm. 2008).

Tectonic implications of transport-parallel

stretching

Vertical thinning implies a significant component of
sub-horizontal transport-parallel stretching (Fig. 10)
with attendant space problems (cf. Fig. 13a, b). Some
authors regard this space problem, disparagingly
referred to by Ramsay & Huber (1987, pp. 611–
613) as the ‘cream cake effect’ (Fig. 13e, f), as a com-
pelling reason for assuming simple shear defor-
mation, and reject the proposal that general shear
histories (i.e. combined pure and simple shear)
develop during thrust sheet emplacement. Other
workers, partially based on supporting strain and
vorticity data, have argued that transport-parallel
stretching is real and must be compensated for by
processes such as volume loss or extrusion towards
the synorogenic topographic surface, or by linkage
to other structural processes operating at shallower
crustal levels. Stated differently, significant com-
ponents of ductile pure shear deformation at deeper
crustal levels may act as drivers for synchronous
structural processes (e.g. brittle thrusting) operating
up transport direction at shallow crustal levels.

Numerous geometric/kinematic and thermal-
mechanical models (including extrusion of
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orogen-scale tectonic wedges and channel flow)
have been proposed in the last 15–20 years to
account for regional-scale lateral flow of mid-
crustal material towards the topographic surface
during mountain building (see reviews by Northrop
1996; Beaumont et al. 2001; Vanney & Grasemann
2001; Godin et al. 2006; Jessup et al. 2006; Harris
2007). Here it should be emphasized, however,
that deformation temperatures in the Caledonides
of NW Scotland were too low for operation of the
process of channel flow suggested for the Himalaya
– Tibetan Plateau orogenic system. Due to
transport-parallel stretching produced by a general
shear, strain compatibility requires the crust above
the laterally flowing ductile crust to be either
decoupled from the flow at deeper levels or to
itself undergo a compatible extension (Fig. 13c,
d). These decoupling boundaries are essentially
stretching faults in the sense of Means (1989). The
South Tibetan Detachment System at the top of
the Greater Himalayan Slab is arguably the type

example of this class of structure (Vanney & Grase-
mann 2001; Law et al. 2004). The upper and lower
margins of such wedges, zones or channels of later-
ally extruding mid-crustal material may be either
discreet normal and thrust sense faults or more
diffuse simple shear-dominated (Wm c. 1.0) zones
of normal- and thrust-sense shearing. Our integrated
microstructural, strain and vorticity analyses
suggests that, at least at the Stack of Glencoul, the
Moine Thrust marking the base of the Moine
Nappe is a diffuse zone of thrust-sense shearing
belonging to the latter category of structures.

Simple geometric considerations indicate that
both the magnitude and rate of lateral extrusion
must increase exponentially traced outwards from
the core of the orogen towards the foreland and
syn-orogenic topographic surface (Fig. 13e, f;
Simpson & De Paor 1997, p. 171; Williams et al.
2006). This in turn has obvious implications for
strain rates and deformation mechanisms operating
at successively shallower crustal levels during

Decoupled upper layer Coupled upper layer

(a)

(c) (d)

(b)

(e)(f)

origin

simple 
shear

general shear

Fig. 13. Schematic models for mid-crustal flow (yellow) associated with either simple shear (a) or general shear (b–d);
modified from Northrop (1996). Note vertical thinning and transport parallel stretching associated with general
shear; top and bottom surfaces of flow zone are defined by stretching faults (or shear zones) when decoupled from
surrounding crust; base of flow zone typically marked by a thrust sense fault; top surface marked by normal fault. (e–f)
Schematic diagrams illustrating increase in magnitude of lateral translation associated with a pure shear driven extrusion
traced outward from the origin of extrusion; note rapid increase in accumulated shear strain close to boundaries of
the flow zone; modified from Williams et al. (2006).
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the extrusion process. By analogy with recently
proposed Himalayan tectonic extrusion models
(see reviews in Law et al. 2006), our integrated
strain and vorticity data from the Moine Thrust
zone mylonites could indicate that thrust sense
general shearing (Wm , 1) and transport-parallel
stretching at the base of the Moine Nappe may
have been balanced by normal-sense shearing and
extension at higher structural levels. This could
correlate with top-to-the-ESE deformation locally
recognized in the Moine Nappe (Holdsworth
et al. 1999).

Tectonic implications of along-strike

stretching and variation in 3D strain type

Integrated strain and vorticity analyses have now
demonstrated that vertical thinning accompanied
by transport-parallel stretching are important tec-
tonic processes operating in the orogenic cores of
at least some contractional mountain belts. In
some of these cases high temperature defor-
mation/flow in these flat-lying mid-crustal high
strain zones appears to have been close to plane
strain with no significant strain along orogenic
strike. Examples include the Greater Himalayan
Slab exposed in the Sutlej River and Everest
regions (Grasemann et al. 1999; Vanney & Grase-
mann 2001; Law et al. 2004; Jessell et al. 2006)
and at least some sections of the Greek Hellenides
(Xypolias & Koukouvelas 2001; Xypolias & Kok-
kalas 2006). In other cases, however, high tempera-
ture crystal plastic deformation was clearly in the
general flattening field implying flow both in the
transport direction and along orogenic strike. For
example, assuming no volume change, which
seems to be reasonable in the case of thrust sheet
deformation dominated by crystal plasticity and in
which evidence for diffusive mass transfer is
lacking, along-strike stretching (extension) of 11–
15% and 20% are indicated by strain integration in
the Bygdin (Hossack 1968; 1979) and Laksefjord
(Chapman et al. 1979) areas of the Norwegian Cale-
donides. Similarly, Borradaile (1979) calculated an
average along-strike extension of 8% for the Cale-
donian Orogen of SW Scotland.

For the Stack of Glencoul mylonites along strike
stretches of 26–49% are indicated by our 3D strain
analyses (Law et al. 2010). This has obvious along-
strike space problem implications, and to explain as
a true plane strain (Ramsay & Wood 1973) with no
elongation parallel to orogenic strike would require
a 50–70% volume loss (Law et al. 2010, fig. 8) for
which there is no clearly defined microstructural
evidence – at least in the optical microscope.
Similar magnitude flattening strains are locally indi-
cated by 3D strain analysis in mylonitic Cambrian

quartzites beneath the Moine Thrust in the Eriboll
region (Dayan 1981).

A range of tectonic models have been proposed
to explain along-strike extension at various scales.
At the relatively small scale, Butler (1982) has pro-
posed that strike-parallel extensions may be pro-
duced by the straining of a hanging wall above the
lateral ramp regions of underlying progressively
developing duplexes, while strike-parallel com-
pression may similarly be produced in the hanging
wall between adjacent duplexes. Similarly, Sylves-
ter & Janecky (1988) have suggested that localized
domains of flattening and constrictional strains may
be produced near the base of a thrust sheet as the
thrust sheet moves over asperities in the underlying
footwall. Strine & Mitra (2004) and Strine & Wojtal
(2004) have proposed that this type of process may
be responsible for producing locally observed flat-
tening strains in the Moine Thrust zone mylonites
of the Strath nan Aissinin area (Fig. 1). At a larger
scale, and based largely on scaled analogue exper-
iments (e.g. Gilbert & Merle 1987; Merle 1989;
Cobbold & Szatmari 1991), gravity induced spread-
ing with zones of divergent and convergent flow has
been proposed to account for along-strike extension
and shortening respectively in penetratively deform-
ing thrust sheets and nappes (see also review by
Merle 1998). At the largest scale, along-strike

Fig. 14. Block diagram showing along-strike extension
associated with oblate strains (S tectonites) compensated
for by intervening zone of constrictional strain (L
tectonites). Transport direction indicated by arrow; note
formation of transport-parallel fold hinges in constrictional
zone. Adapted from Sylvester & Janecky (1988).
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extension may ultimately be a result of oblique plate
convergence (Shackleton & Ries 1984; Ellis &
Watkinson 1987; Dietrich 1989). Distinct mechan-
isms to accommodate potential space problems
associated with along-strike strains are generally
not explicitly addressed in these models. In compari-
son with transport-parallel stretching, however, it
seems intuitively less likely that along-strike stretch-
ing can be accommodated by extrusion towards the
synorogenic topographic surface.

Along-strike extension could well lead to for-
mation of the arcuate map patterns (salients and
recesses) displayed by some orogenic belts (see
reviews by Marshak 1988; Dietrich 1989; Kwon &
Mitra 2004). Based on field data from the Caledo-
nides of Norway, Chapman et al. (1979, p. 689)
and Sylvester & Janecky (1988) have proposed
that along strike extension associated with zones
of oblate fabric development (S tectonites) may be
compensated for by intervening zones of cons-
trictional strain (L tectonites) in which transport
direction-parallel fold hinges develop, the zones of
constriction progressively narrowing along strike
(and accumulating higher finite strains) as the
rocks in the surrounding flattening zones undergo
along-strike stretching/extension (Fig. 14). Such
conceptual models suggest that at least in the
ductile (crystal plastic) regime complex domainal
variations in 3D strain type should be expected to
develop at various scales. One of the first quantitat-
ively documented examples of such variation in 3D
strain types was described by Flinn (1956, 1958,
1961, 1994) from deformed conglomerates exposed
in Shetland which are associated with emplacement
of Caledonian age ophiolitic nappes. Indeed the
concept of using grain shape fabrics (S to LS to L
tectonites) as an indicator of 3D strain type was orig-
inally proposed by Flinn (1958) as a result of his
study of the Shetland nappe complex.

Traced from the north coast southwards through
the Loch Eriboll region to Assynt (Fig. 1) the Moine
Thrust zone mylonites exhibit a wide spectrum of
macroscopic grain-shape fabrics (S to S . L tecto-
nites) indicating significant along-strike variation
in 3D strain type. This is confirmed by 3D strain
analyses and quartz crystal fabric studies at specific
localities (e.g. Dayan 1981; Law et al. 1984, 1986;
Law 1987; Strine & Wojtal 2004; Strine & Mitra
2004). At the regional scale, along-strike variation
in strain type is presumably a reflection of the
three dimensional shape of the orogenic wedge
during emplacement of the overlying Moine
Nappe, with in general a greater component of flat-
tening strain in the north. Coward (1984) has
suggested that the northern part of the Moine
Thrust zone has moved further but more slowly,
and probably under a thicker cover (.10 km) than
the south part of the thrust zone in southern

Assynt (for burial temperature data see Johnson
et al. 1985; Allison & Ferguson 1997). Similarly,
Holdsworth (1989b) has argued that an observed
change in location and direction of extensional
movements in the Moine Nappe, north and south
of the Assynt region, may also reflect an along-strike
variation in shape of the orogenic wedge. In order to
develop and assess 3D tectonic models for evolution
of the Moine Thrust zone what is now needed is a
detailed along-strike analysis of variation in 3D
strain type and vorticity both within the footwall
mylonites and in the overlying Moine Nappe. The
following companion paper by Thigpen et al.
(2010) is a first step towards this objective.
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Abstract: The mylonitic Cambrian quartzites, Moine Thrust Zone, NW Scotland, have long been
used to study microstructural and petrofabric evolution and to develop understanding of grain-scale
processes accommodating large-scale displacements. Today, structural geology is entering a new
age of understanding of the basic processes involved in microstructural evolution due to the emer-
gence of novel instrumental techniques and theoretical models. It seems apposite therefore to
re-evaluate the microstructure of one example of this classic quartz mylonite from the Stack of
Glencoul, Assynt, using arguably the most important of these new techniques, electron backscat-
tered diffraction (EBSD). The three-dimensional (3D) microstructure and petrofabric of this rock
was analysed using EBSD, to: 1) corroborate previous optical and X-ray texture goniometry
measurements; 2) investigate the potential for sampling and/or tectonic sectioning bias that may
be introduced inadvertently into any petrofabric analysis; and 3) predict its seismic properties. It
is found that microstructures do differ between orthogonal structural sections, leading to variations
in strengths of different components in the overall petrofabric that might impact on seismic prop-
erties. The results emphasize the true 3D nature of microstructures and petrofabrics, which can be
recognized and accommodated more readily by this new generation of analytical techniques.

The mylonitic Cambrian quartzites (MCQ) in the
vicinity of the Stack of Glencoul, NW Scotland
(Fig. 1a), have long been used to study petrofabric
development on the small scale and its relationship
to larger scale tectonics (see Law & Johnson 2010,
for a detailed scientific and historical review).
However, over a century after recognition of the
geological significance of the MCQ in particular
and the Moine Thrust Zone in general (e.g.
Lapworth 1884, 1885; Teall 1885, 1918; Peach
et al. 1907), microstructural geology and petro-
fabric analysis has entered in to a new era of
understanding due to the emergence of an array of
novel instrumental techniques and theoretical
models. One of these techniques, electron backs-
cattered diffraction (EBSD) in the scanning electron
microscope (SEM), now provides for both
accurate and efficient petrofabric analysis, making
it possible to consider much larger sample and
data sets, including polymineralic rocks, than
has hitherto been possible using conventional
methods (e.g. optical microscopy, X-ray texture
goniometry). Furthermore, SEM-EBSD combines
the benefits of these methods in that it maintains a
one-to-one relationship between microstructural
elements and petrofabric measurements whilst

providing a complete petrofabric description (e.g.
Prior et al. 1999).

In this contribution, the petrofabric of a sample
of MCQ (SG10 of Law et al. 1986) from the Stack
of Glencoul has been re-measured using SEM-
EBSD. The aims of this re-analysis were two-fold.
Firstly, to corroborate the crystal preferred orien-
tation (CPO) determined previously using optical
and X-ray texture goniometry methods (Law et al.
1986; Law 1987; see also Halfpenny et al. 2006).
Secondly, to investigate whether structural geologi-
cal convention of measuring CPO from only the tec-
tonic XZ (where X � Y � Z) or kinematic transport
section leads to the omission of critical information
more obviously present in other sections. The latter
aim addresses recently expressed concerns that both
microstructures and CPO are 3D in nature (e.g.
Schmidt et al. 2004; Juul Jensen et al. 2006; Juul
Jensen & Godiksen 2008). This study also provides
an introduction to a new generation of microstruc-
tural studies of Moine Thrust Zone rocks, including
the MCQ, which hopefully will provide new insight
into the evolution of this important geological
terrain and to further understanding of the evolution
of quartz mylonites associated with large displace-
ments on fault and shear zones.

From: LAW, R. D., BUTLER, R. W. H., HOLDSWORTH, R. E., KRABBENDAM, M. & STRACHAN, R. A. (eds) Continental
Tectonics and Mountain Building: The Legacy of Peach and Horne. Geological Society, London, Special Publications,
335, 603–622. DOI: 10.1144/SP335.25 0305-8719/10/$15.00 # The Geological Society of London 2010.



Sample description

Previous work

The MCQ at the Stack of Glencoul derive from the
Cambrian Eriboll Sandstone Formation (Basal and
Pipe Rock Members), which lie immediately
below the Moine Thrust (Fig. 1; Law et al. 1986 –
see also Law & Johnson 2010). While the top of
the MCQ is well defined by the Moine Thrust, the
structural relationships at the base are less clear.
Law & Johnson (2010) argue that there must be
important but unmapped thrusts at the base of the
MCQ because they are underlain by rocks that
exhibit very low strains. Recent mapping by Butler
(2009) appears to confirm this argument (Fig. 1c).

The formation of the MCQ at the Stack of Glen-
coul occurred under greenschist facies conditions
(Christie 1963; Johnson et al. 1985), although
more reliable temperature and particularly pressure
estimates are equivocal or lacking altogether. For
example, Johnson et al. (1985) estimated tempera-
tures of 300–350 8C, but dynamic recrystallization
by a combination of subgrain rotation (e.g. Law
et al. 1986) and grain boundary bulging (Halfpenny
et al. 2006) would indicate temperatures of

c. 400 8C (see Law et al. 2010), while even higher
temperatures (e.g. 400–500 8C) would be indicated
if subgrain rotation dominated recrystallization, in
broad agreement with the 390–440 8C estimate
based on the opening angles of Type I cross-girdle
quartz c-axis fabrics (see Law & Johnson 2010;
Law et al. 2010). More recently, Thigpen (2009)
has estimated temperatures of 428–436 8C for a
pressure range of 4–6 kb from an equivalent struc-
tural position to the Stack of Glencoul at the leading
edge of the Moine Nappe c. 5 km further north.

The particular sample of MCQ (SG10) comes
from a suite of samples collected by Law et al.
(1986) from beneath similarly deformed Moine
metasediments within the NW crags of the Stack
of Glencoul (Figs 1b, 2a, b). A supposedly compara-
tive sample from an almost identical structural pos-
ition has been collected and described by Halfpenny
et al. (2006). Sample SG10 was collected from c.
4.5m beneath the Moine Thrust as interpreted by
Law et al. (1986), although there remains contro-
versy concerning the position of this structure at
the Stack of Glencoul. The original interpretation
(C. T. Clough in Peach et al. 1907, p. 503) con-
sidered the foliation parallel ductile contact
between the MCQ (below) and the similarly
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Fig. 1. Moine Thrust zone and Stack of Glencoul. (a) Location map showing the basic disposition of the Moine
Thrust Zone, NW Scotland, and the position of the Stack of Glencoul (after Law et al. 1986): F, Foreland; M, Moine
Schists; MT, Moine Thrust; ST, Sole Thrust; light grey, other Moine Thrust Zone rocks; dark grey, Moine Thrust Zone
mylonites, including MCQ. (b) View of the Stack of Glencoul (SG), looking ESE (i.e. down transport direction),
showing the NW crags of mylonitized Cambrian quartzites (MCQ), from which sample SG10 was collected (see
Fig. 2a, b) and Moine Schists (MS) separated by the Moine Thrust (MT). (c) Detailed geological map and cross-section
of the Stack of Glencoul showing the basic structural relationships and the location context of sample SG10 (modified
from Butler 2009).
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deformed Moine metasediments (above) to repres-
ent the Moine Thrust (see also Christie 1963,
1965; Weathers et al. 1979; Coward 1983).
However, Johnson (1965) regarded the Moine
Thrust as a late brittle rather than early ductile struc-
ture and therefore placed it at the base of the MCQ
(see also McLeish 1971; Wilkinson et al. 1975;
Elliott & Johnson 1980). In this paper we adopt
the original definition of the Moine Thrust at the
Stack of Glencoul, in accordance with Law et al.
(1986) and also with the equivalent relationships
described for the ductile Moine Thrust in the
Eriboll region further to the North (Fig. 1a; see
Holdsworth et al. 2006).

The MCQ at the Stack of Glencoul (Figs 1b, 2b)
are typically S . L and L-S tectonites and were first
described by Callaway (1884). The mylonitic foli-
ation dips c. 208 ESE and the grain shape lineation
lies within the foliation, plunging down-dip also
towards ESE (Weathers et al. 1979; Law et al.
1986). In thin-section (Law et al. 1986, 2010), the
mylonitic foliation is defined by a preferred align-
ment of flattened detrital quartz grains (later termed
‘matrix’ grains), which typically display variable
aspect ratios in the XZ section. Ribbon-like quartz
grains also are observed, with aspect ratios from

50–100:1 and long dimensions between 2 and
3 mm. The flattened quartz grains anastomose
around ‘globular’ quartz grains, the c-axes of
which are aligned at high angles to the foliation
plane (see also Riekels & Baker 1977). The globular
grains may be either original detrital grains or the
product of dynamic recrystallization and grain
boundary migration (Law et al. 1986). The volume
fraction of dynamically recrystallized quartz varies
from 40–75%, with SG10 exhibiting c. 50% recrys-
tallization (i.e. matrix grains) and an approximately
constant recrystallized (‘matrix’) grain size of 10–
15 mm (Law et al. 1986, 2010). The remainder of
the sample comprise approximately equal propor-
tions of ‘ribbon’ and ‘globular’ grains. Minor
amounts of mica and pyrite are also present but no
later fractures are observed.

The petrofabric of SG10 (e.g. Fig. 2c) has been
characterized as a Type I cross-girdle c-axis
pattern (Lister 1977), consistent with deformation
accommodated via crystal slip on the basal-a
system (Law et al. 1986; Law 1987). It is almost
symmetrical in terms of both its skeletal outline
and intensity distribution with respect to foliation
and lineation (see Law et al. 2010 for details of opti-
cally measured recrystallized grain fabrics). These
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Fig. 2. The Stack of Glencoul. (a) Diagrammatic representation of sampling localities; note positions of Moine Thrust
and sample SG10 as well as variation in nature of the mylonitic Cambrian quartzites (after Law et al. 1986 – numbers
refer to samples used in this paper). (b) Mylonitized Cambrian quartzites (MCQ) at the Stack of Glencoul; dark
bands represent possibly intercalations of Moine Schists (note compass-clinometer for scale). (c) Summary of quartz
petrofabrics results of Law et al. (1986) from sample SG10: 1. optical (c-axis) and X-ray texture goniometry (m, a and
rþ z poles) methods; 2. comparison between c-axis fabrics measured optically and calculated from the orientation
distribution function (ODF); 3. comparison between the c-axis fabrics from ‘flattened’ and ‘globular’ old grains.
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fabrics consist of an elliptical girdle symmetrically
disposed about the inferred Z direction, with
opening angles of 25–358 in XZ and c. 30–358 in
YZ connected through Y (see also Christie 1963;
Riekels & Baker 1977). The corresponding a-axis
fabrics are characterized by two maxima aligned
within the XZ plane and equally inclined at 208 to
the lineation, connected by a broad weakly popula-
ted band of a-axes that define a small circle girdle
distribution of large opening angle centred about
the pole to the mylonitic foliation (Law et al.
1986, 2010; Law 1987). However, some X-ray
texture goniometry results (i.e. Baker & Riekels
1977; Riekels & Baker 1977) on samples collected
by Christie (1963) from the Stack of Glencoul
suggest that the two adjacent a-axis maxima within
the XZ plane have unequal intensities, with the
dominant maximum plunging to the WNW and
inclined at 108 to the lineation and the lesser
maximum plunging at 208 to the lineation. Such
results could be interpreted in terms of differences
between negative and positive forms of a, in accord-
ance with more recent observations on other quart-
zites using SEM techniques (e.g. Mainprice et al.
1993; Lloyd 2000, 2004), which might have
implications for the detailed development of
quartz petrofabrics.

SEM observations

Since the work of Law et al. (1986) and Law (1987)
on the MCQ at the Stack of Glencoul, several new
techniques for petrofabric analysis have been
devised. In particular, SEM-based techniques (e.g.
EBSD and the related electron channelling method)
have begun to supersede traditional optical and
X-ray texture goniometry petrofabric analyses.
However, it is often forgotten that EBSD is strictly
a surface analysis technique due to the restricted
penetration depths of the incident electrons (typi-
cally only a few hundred nm). Thus, recent advances
in so-called ‘four-dimensional’ X-ray microscopy
that also sample specimen interiors may provide a
challenge to the popularity of EBSD in the future,
although accessibility to this analytical technique
is limited at present to synchrotron X-ray sources
(e.g. Schmidt et al. 2004; Juul Jensen et al. 2006;
Juul Jensen & Godiksen 2008).

SEM-based crystal orientation techniques (see
Lloyd 1987; Prior et al. 1999 for reviews) permit
the complete crystal orientation determination of
most minerals on the (sub)-micron scale, such that
both local (i.e. few data) and whole specimen (i.e.
statistically meaningful) crystallographic orien-
tation analyses are possible. The crystal orientation
data derived can be used then to interpret various
sample petrophysical properties and in particular
the seismic properties (e.g. Mainprice et al. 1993;

Mainprice & Humbert 1994; Mainprice 2003;
Lloyd & Kendall 2005). Finally, detailed images
of sample microstructure can be obtained via
either EBSD ‘fore-scattered electron’ (FSE)
(Adams et al. 1993; Field 1997) or EC ‘back-
scattered electron’ (BSE) (e.g. Lloyd 1987) crystal-
lographic orientation contrast imaging (e.g. Fig. 3).

Three orthogonal sections of sample SG10 were
cut parallel to the XY, XZ and YZ structural planes
and their microstructures were imaged using SEM
electron channelling crystallographic orientation
contrast (Fig. 3). Three distinct types of microstruc-
ture were recognized. The pervasive or ‘matrix’
quartz microstructures (Fig. 3a) of each section are
similar, with approximately uniform grain sizes
(10–20 mm), slightly elongate in all three sections
and frequently sharing straight grain boundaries
with 1208 triple junctions. In XZ and YZ sections,
micas define a weak foliation but this tends to be
absent in XY sections because of the statistical
improbability of sampling. Equant, sometimes
‘boudinaged’, grains of pyrite are also present.

The second microstructure recognized com-
prises ‘globular’ grains (sensu Law et al. 1986).
These are up to 100 mm in diameter, although flat-
tened somewhat parallel to Z in both XZ and YZ
sections (Fig. 3b). They are therefore approximately
an order of magnitude larger than the grains forming
the matrix microstructure and may contain sub-
grains that are larger than these grains. The mica
foliation is deflected round the globular grains,
although due to sectioning effects this is best
observed in XZ and YZ sections (Fig. 3b).

The third microstructure recognized comprises
‘ribbon’ grains (sensu Law et al. 1986), which are
very long (mm-scale) but relatively narrow (up to
a few hundred microns) in XZ and YZ sections
(Fig. 3c). In XY section they are more equant on
the millimetric scale and hence are significantly
larger than the globular grains. Ribbon grains exhibit
large, elongate subgrains and/or deformation lamel-
lae/bands in XZ and YZ sections, but in XY section
these are more equant. The mica foliation is both par-
allel to and also deflected round the edges of ribbon
grains, although due to sectioning effects this is
best observed in XZ and YZ sections (e.g. Fig. 3c).

Results

Several automated EBSD analyses were performed
on the three orthogonal sections cut from sample
SG10 using the HKL Channel5# system (e.g.
Schmidt & Olesen 1989) to investigate its CPO
and petrofabric-derived seismic properties. An
initial analysis used a relatively coarse step-size
(50 mm) between analytical points in order to
cover the whole surface area of each sample
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(typically 15 � 15 mm). The CPO derived from
each section (not shown) were similar to those
obtained from analyses of smaller areas (c.
1.25 � 1.25 mm) using a 2 mm step size (see
Fig. 4). The finer step size of the latter allowed accu-
rate assessment of both grain and subgrain scale
orientation relationships. In addition, due to the
occurrence of three distinct grain microstructures
(i.e. m, ‘matrix’; g, ‘globular’; and r, ‘ribbon’),
three manual EBSD experiments were performed
on each sample to measure the individual CPO of
these grains. In the cases of the globular and
ribbon grains, due to their larger sizes and presence
of subgrains, a single EBSD measurement was made
at the approximate centre of each grain. Petrofabric
and seismic properties were calculated from the

EBSD data using the approach described in Main-
price (1990) and Mainprice & Humbert (1994),
utilizing the Mainprice (2003) software.

Petrofabrics – bulk CPO

The conventional XZ or kinematic section CPO
(Fig. 4b) consists of a Type I cross-girdle c-axis pat-
tern and double maxima a-axis pattern, developed
symmetrically with respect to the foliation (XY)
and lineation (X). The m-pole CPO therefore has a
maximum parallel to lineation. In contrast, the
r-pole CPO has a point maximum inclined to the
foliation normal (Z) and a girdle distribution
inclined to the foliation. There is no superposition
of r and z.

50 mm

Z

X

50 mm 50 mm

50 mm

50 mm

50 mm

Y

X

50 mm

Z

Y

(a) (b) (c)‘Matrix’ (m) grains ‘Globular’ (g) grains ‘Ribbon’ (r) grains

50 mm 50 mm

m

m

m

m

m

m

m

m

m

m

m

m

m

m

m

g

g

g

r

r

r

Lineation

FoliationX Y

Z

Schematic representation of the orientation
of each sample plane (XY, XZ, YZ) relative
to the rock foliation (XY) and lineation (X)

Fig. 3. SEM electron channelling crystallographic orientation contrast images of the microstructures observed in
sample SG10. Each row represents a specific sample section plane (XY, XZ and YZ respectively). Each column
represents a specific microstructural element (i.e. ‘matrix’, m, ‘globular’, g, and ‘ribbon’, r, grains, respectively – see
text for full descriptions). The elongate bright phase is mica and the equant bright phase is pyrite. Also shown is a
schematic representation of the relationship between each sample plane and the foliation and lineation in the rock.
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The XY (i.e. foliation parallel) section CPO
exhibit a c-axis maximum orientated mid-way
between Y and Z within a dispersed girdle distri-
bution sub-parallel to YZ (Fig. 4a). There is a
great circle distribution of m and a inclined to XZ,
although the maximum in m is parallel to X. The r
and z poles each exhibit three distinct and mutually
non-parallel clusters, with the maximum in both
sub-parallel to Z.

The YZ section CPO exhibit conjugate c-axis
maxima in the YZ plane (Fig. 4c). The a-axes and
m-poles form crude cross girdle distributions
centred on X, with the maximum in m sub-parallel
to X. The r and z poles distributions are indistinct
but there is a suggestion of overlapping clusters.

Petrofabrics: grain CPO

The CPO determined for the individual grain micro-
structures (summarized in Fig. 3) are shown in
Figure 5. For the XY section, matrix grains exhibit
two orthogonal c-axis clusters in the YZ plane, the
maximum in m parallel to X and non-coincident
r and z. Globular grains exhibit effectively a small
circle distribution of c-axes about Z, although
there is a maximum between Y and Z, with the
maximum in m parallel to X and non-coincident
r and z. Ribbon grains exhibit a single girdle of
c-axes parallel to YZ, with a distinct cluster
between Y and Z, the maximum in m parallel to X
and non-coincident r and z (although the maximum
in r is sub-parallel to Z).

For the (conventional) XZ section, matrix grains
exhibit double maxima in c-axes c. 908 apart within
the YZ plane (Fig. 5), the maximum in m sub-
parallel to X (with m and a forming a girdle parallel
to XY) and generally non-coincident r and z.
Globular grains exhibit effectively a small circle
distribution of c-axes about Z, the maximum in m
sub-parallel to X (with m and a forming a girdle par-
allel to XY) and non-coincident r and z. The c-axis
distribution of ribbon grains approximates a sym-
metrical cross-girdle parallel to YZ, although there
is a distinct clustering also, with the maximum in
m parallel to X (with m and a forming a girdle
inclined to XY) and non-coincident r and z.

For the YZ section, matrix grains exhibit a broad
small circle distribution of c-axes about Z, particu-
larly within the YZ plane, the maximum in m sub-
parallel to X and non-coincident r and z (Fig. 5).
Globular grains exhibit also a broad small circle
distribution of c-axes about Z, with the maximum
in m sub-parallel to X and non-coincident r and z
(although the maximum in r is sub-parallel to Z).
Ribbon grains exhibit four maxima within the
YZ plane, equidistant between Y and Z, with the
maximum in m sub-parallel to X and but non-
coincident maxima in r and z sub-parallel to Z.

Seismic properties

As seismic properties depend mainly on mineral
crystallography and elastic properties (i.e. the
6 � 6 stiffness matrix, Cij, and density, r) they can
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Fig. 4. EBSD-derived pole figures for sample SG10 measured in the three principal structural section plane
orientations. All pole figures are lower hemisphere projections. Contour intervals are units of the mean uniform
distribution (m.u.d.) except the minimum contour, which is 0.5 m.u.d. (maximum and minimum values are indicated by
solid black squares and open circles respectively). (a) XY structural plane (n ¼ 102 656 analytical points). (b) XZ
structural plane (n ¼ 66 158). (c) YZ structural plane (n ¼ 98 991).
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be derived directly from knowledge of the CPO (e.g.
Babuska & Cara 1991). Here, we follow standard
procedure (e.g. Mainprice 1990; Mainprice &
Humbert 1994; Lloyd & Kendall 2005) to calculate
the predicted seismic properties of sample SG10 in
the three orthogonal principal planes (XY, XZ and
YZ). Note that all predicted seismic properties
described in this contribution consider sample
SG10 to be a pure quartzite and hence the impact
of the (very minor) amounts of mica present has
been ignored. Nevertheless, it should be mentioned
that mica is known to be one of the most important
seismic property controlling phases in the continen-
tal crust, particularly in terms of seismic anisotropy
(Lloyd et al. 2009).

The predicted petrofabric-derived seismic prop-
erties for the three orthogonal sections of sample
SG10 are shown in Figure 6. Concentrating on the
most significant seismic properties (i.e. P-wave vel-
ocity, Vp km/s, and anisotropy, AVp %; shear wave
(splitting) anisotropy, AVs %; and the fast and
slow shear wave velocities, Vs1 and Vs2 km/s),
the value ranges predicted for the different sections
are as follows:

Vp 5.73 (YZ) � Vp � 6.39 (XY);
AVp 9.00 (XZ) � AVp � 10.70 (YZ);
AVs 8.57 (XZ) � AVs � 13.05 (XY);

Vs1 3.97 (YZ) � Vs1 � 4.36 (XY);
Vs2 3.82 (XY) � Vs2 � 4.20 (XY, XZ).

While there is some correlation between the
predicted maximum and minimum in Vp with Z
and X respectively, other properties are more vari-
able with respect to any individual principal tectonic
direction (Fig. 6). However, although results are
similar for each section, there are some notable
differences, which appear most obvious in the XZ
section. In particular, the predicted Vp, AVp, AVs
and Vs1-max values all exhibit their lowest values
in this section plane.

There is variation also between the three sections
in the predicted polarization directions of the fast
shear wave (Vs1P). Whilst most wave propagations
exhibit circumferential polarization (i.e. parallel to
the equatorial plane) for a specific propagation
plunge and azimuth, especially for the YZ section,
vertically propagating waves are predicted to be
polarized NNE–SSW in the XY section and
north–south in the XZ and YZ sections (Fig. 6).
In addition, in the XY section, NNW–SSE propa-
gating waves plunging between the horizontal and
sub-vertical, and moderately plunging east–west
propagating waves are predicted to be polarized par-
allel to these respective trends (Fig. 6a, b). Finally,
in the YZ section, shallow to moderately plunging
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north–south propagating waves are predicted to be
polarized also north–south (Fig. 6c).

Discussion

Microstructural evolution

The dominant rock microstructure in the XY, XZ
and YZ orthogonal sections as revealed by SEM
orientation contrast images comprises essentially
low strained, 10–15 mm (i.e. matrix) grains with
straight grain boundaries and c. 1208 triple junctions
(Fig. 3a), consistent with a tectonic origin (e.g. Law
et al. 1986). In contrast, the deflection of mica
foliation around the globular and ribbon grains
suggests that these are pre-tectonic and perhaps
even primary (sedimentary) features (Fig. 3b, c).
Furthermore, the fact that the globular and ribbon
grains contain subgrains larger than the matrix
grains suggests that the latter do not form from the
former unless there has been further grain size
refinement, for which there is no obvious evidence.
The globular and ribbon grains are significantly
larger than the matrix grains and have distinctive
but different shapes, with the globular grains typi-
cally sub-spherical in three dimensions (e.g. Fig. 3b)
and the ribbon grains oblate within the foliation
(e.g. Fig. 3c).

Taken together, these observations suggest that
the three microstructural elements have responded
differently to the imposed deformation. This behav-
iour can be explained if the deformation has been
accommodated mainly via continuous dynamic
recrystallization to form the apparently low strain
matrix grain microstructure (Fig. 3a) that lacks
any well-developed, micron-scale intragranular
sub-structure (e.g. subgrains, undulose extinction,
etc.), presumably as a result of the dynamic recrys-
tallization process responsible for their formation.
The distinctive but different shapes of the globular
and ribbon grains support the suggestion that they
represent early (primary sedimentary?) features
with different original properties that responded
differently to the imposed deformation, although
both have developed subgrains. However, just
what they were originally remains to be resolved.
On the basis of shape alone, the globular grains
would appear to be the least deformed of the three
elements (Fig. 3b). In contrast, the ribbon grains
are actually oblate spheroids in three dimensions
(Fig. 3c; see also the strain analysis of Law et al.
2010 using deformed grain shapes in the Stack of
Glencoul quartz mylonites) and hence may be
highly deformed and indicative of a significant flat-
tening component to the overall deformation. Law
et al. (1986) have appealed to ‘hard’ and ‘soft’
crystal orientations to explain the different
responses (see below).

The individual microstructural elements shown
in two dimensions parallel to the three principal
sections (Fig. 3) can be combined in to idealized
‘microstructural blocks’ to emphasize the real
3D nature of microstructures (Fig. 7). The matrix
microstructure (Fig. 3a) defines a block comprising
small (i.e. 10–20 mm) equant grains similar in all
directions (Fig. 7a). In contrast, the globular micro-
structure (Fig. 3b) defines a block comprising a sub-
spherical (X � Y � . Z) globular grain (where
X . 100 mm), with subgrains larger than the grain
size of matrix grains, surrounded by matrix grains
(Fig. 7b). Finally, the ribbon microstructure
(Fig. 3c) defines a block comprising oblate ribbon
grains (X � Y� Z, where Z � 50 mm) surrounded
by matrix grains (Fig. 7c). The individual micro-
structural blocks could be combined together in
to various configurations to define bulk rock micro-
structures that can be used to simulate micro-
structural and CPO evolution in quartz mylonites
and to model and predict variations in seismic
properties.

CPO evolution: whole rock

The SEM/EBSD-derived CPO measured in three
principal sections (Fig. 4) confirm the observations
of Law et al. (1986; see also Fig. 2c) that the micro-
structures observed in sample SG10 developed
mainly by crystal slip on the basal-a system. As
there is no evidence for significant dauphine twin-
ning (e.g. superposed r and z maxima in six-fold
symmetry), the unequal intensities of adjacent
a-axis maxima within the XZ plane reported pre-
viously (e.g. Law et al. 1986; Law 1987) may
reflect differences between negative and positive
forms of a (e.g. Mainprice et al. 1993; Lloyd
2000, 2004). However, intriguingly this behaviour
is not recognized here (Fig. 4b). Indeed, the CPO
exhibit a strong maximum in m parallel to X,
which would imply equal activity of the negative
and positive forms of a.

The principal deformation mechanism for the
development of both the CPO and the observed
microstructures is most likely to have been dislo-
cation creep accommodated dynamic recrystalliza-
tion, involving basal-a as the main slip system
(e.g. Law et al. 1986). It has been suggested, again
on the basis of EBSD analysis, that diffusion-
accommodated grain-boundary sliding has been sig-
nificant in the microstructural and petrofabric evol-
ution of this quartzite (Halfpenny et al. 2006). In
practice, this suggestion remains difficult to prove.
Nevertheless, if grain-boundary sliding has been
significant it has not affected the strong CPO devel-
oped in the rock, which suggests that any sliding was
accommodated by rigid-body translation without
significant rotation to disperse the CPO.
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CPO evolution: individual grains

The CPO determined for the three individual grain
microstructures (Fig. 3) are shown in Figure 5.
Whilst there are similarities, there are differences
also between them and the bulk sample section
CPO (Fig. 4). In general, it appears that the different
grain microstructures contribute to different parts of
the overall CPO. All three grain microstructures
have their maxima in m and a orientated respect-
ively sub-parallel and 20–308 to the lineation (X).
The real differences are in the orientations of the
c-axes and perhaps also in the distributions of r
and z. Globular grains appear to form an elongate
single c-axis maximum in all sections. In contrast,

matrix and ribbon grains define girdles with
double maxima, although the densities are not
equal. For the XY section, the density maxima lie
in similar positions for both matrix and ribbon
grains but for XZ and YZ sections they lie on
opposite sides of Z within the YZ plane.

The distinct cluster of c-axes in the XY section is
due therefore to the ribbon and especially the glob-
ular grains, whilst the matrix and ribbon grains form
the single girdle parallel to YZ (compare Figs 4 &
5). The asymmetrical Type I cross-girdle observed
in the conventional XZ section (Fig. 4b) is formed
principally by the ribbon grains (symmetrical cross-
girdle) and globular grains (asymmetry about Z). All
three grain microstructures contribute to the four
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images of the different microstructures in different orthogonal tectonic sections (see Fig. 2): (a) ‘matrix’ grains
microstructure; (b) ‘globular’ grains microstructure; and (c) ‘ribbon’ grains microstructure.
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distinct clusters within the YZ plane in the YZ
section, although the ribbon grains appear to make
the biggest contribution.

The different CPO of the foliation-parallel (XY)
section compared to the other two sections can be
explained if there are greater similarities in the be-
haviour of the matrix and ribbon grains compared
to the globular grains. The tendency for the c-axes
of globular grains to concentrate about the Z struc-
tural axis (Fig. 5) can be explained either by their
original orientations representing so-called ‘hard
orientations’ that resist deformation, which could
explain the approximately spherical shape of these
grains, or by their deformation via slip on (m) kal,
although this would be disputed by the lack of
high densities of m orientations close to Z. Rather,
there is a trend for high densities in r to develop
close to Z, which would make slip on (r)kal more
likely. However, the single crystal like patterns dis-
played by the globular grains in the XY section are
less favourably orientated for slip on any system
involving the kal direction due to the high concen-
trations of a-axes at high angles to the lineation
(X). In contrast, the more c-axis girdle dominated
patterns exhibited by the matrix and ribbon grains
have a greater dispersion of all crystal directions.
The double maxima in c developed either side of,
rather than centred on, Z are more favourably orien-
tated for slip on (r)kal, although the maximum
density in r is not perpendicular to the maximum
density in a and therefore could indicate slip
on (p)kal.

Thus, based on the CPO of the individual grain
microstructures, the globular grains have behaved
differently to the matrix and ribbon grains, which
behaved similarly. As the globular grains were
poorly orientated for slip on any of the common
quartz slip systems, they have remained relatively
undeformed and have preserved their original
(‘spherical’) shapes and ‘single crystal’ CPO. The
matrix and ribbon grains were more favourably
orientated for slip, possibly on either (r)kal and/
or (p)kal systems, and hence accommodated most
of the grain-scale deformation. However, the
reasons why these two grain microstructures are
distinguishable and in particular why the ribbon
grains have not fully recrystallized, presumably to
the grain size of the matrix grains, remain
unknown.

Law et al. (1986) recognized similar relation-
ships to those described here in their original study
of sample SG10. According to them, globular
grains typically have their c-axis aligned parallel
to Z, whilst for ribbon (sic ‘flattened’) grains the
c-axes define typically a symmetrical cross-girdle
distribution (e.g. Fig. 2c). These relationships are
in general agreement with the more detailed obser-
vations described here. However, whilst the sample

of MCQ studied by Halfpenny et al. (2006) is also
from the Stack of Glencoul (their UK grid reference
NC 28882876), the grain microstructure they des-
cribe in some detail seems very different to that
described here. In particular, they recognize only a
north–south c-axis double maxima in a broad
single girdle through Y, but no concentration of
c-axes about Y. By comparison with the microstruc-
ture described here, this means presumably that the
sample of MCQ studied by Halfpenny et al. (2006)
comprises only matrix and ribbon grains, whilst
globular grains are absent. Thus, their suggestion
of a significant contribution from grain boundary
sliding to the microstructural evolution may well
apply to their sample but does not necessarily
apply to the one considered here.

Geographical CPO: whole rock

The CPO shown in Figure 4 are plotted in the con-
ventional tectonic reference frame defined by the
specific section coordinates (i.e. XY, XZ, YZ). It
would be more useful for comparative purposes to
use a common reference frame. Structural geolo-
gical convention would argue that the XY and YZ
sections CPO should be rotated into parallelism
with the kinematic XZ section used in most previous
studies. However, the increasing use of CPO to
predict seismic properties argues instead for use of
the geographic reference frame, which is the frame-
work within which the seismic waves are ‘viewed’.
Thus, the CPO for the three principal sections have
been rotated in to a common geographical reference
frame (Fig. 8).

Use of a common (e.g. geographical) reference
frame emphasizes the similarities and differences
in the CPO for the three principal sections. Whilst
all three sections recognize a maximum in m plun-
ging shallowly ESE parallel to the tectonic lineation
(and kinematic direction), only the XY section CPO
recognizes an obvious ‘foliation’, indicated by the
a-axes girdle in the ‘statistical’ basal plane caused
by the strong c-axis maximum (Fig. 8a). However,
this ‘foliation’ dips moderately towards the sw/t,
in contrast to the regional ESE-dipping foliation
observed in the rocks. The c-axis distributions also
vary between sections, with the XZ and YZ sections
exhibiting single girdle distributions orientated
NNE–SSW. In detail, the YZ c-axis girdle compri-
ses two distinct maxima, which can be used to define
two basal plane girdle distributions, one dipping
moderately NNE and the other dipping moderately
sw/t, in agreement with that observed in the XY sec-
tion (Fig. 8c). The more uniformly distributed XZ
c-axis girdle, which clearly strikes NNE–SSW,
contains also discrete maxima, one of which could
be interpreted as normal to a moderately south-
dipping basal plane girdle (Fig. 8b).
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Geographical CPO: individual grains

The similarities and differences in the CPO mea-
sured from the three orthogonal sections (Fig. 8)
have been explained by variations associated with
the different grain microstructures (Fig. 3). To
pursue this explanation, it is necessary also to rotate
the individual grain microstructure CPO (Fig. 5) in
to geographical coordinates (Fig. 9). The differ-
ences recognized previously are now perhaps some-
what less apparent, which in itself questions the
conventional usage of kinematic coordinates. Never-
theless, differences do exist that can be linked to
grain microstructural variations, as follows.

For the XY section (Fig. 9), the matrix grains
have a sub-vertical, north–south girdle defined by
the c-axes, whilst the maximum in m plunges
shallowly E and the maximum in r is vertical. In
contrast, the globular grains have a strong c-axis
cluster plunging moderately north, the maximum
in m plunging shallowly ESE and maxima in r and
z plunging sub-horizontally NW and moderately
west respectively. The ribbon grains have a steeply-
dipping c-axis girdle striking NNE–SSW, within
which a cluster plunges moderately north, with the
maximum in m and r plunging shallowly ESE and
vertically respectively.

For the XZ section (Fig. 9), matrix grains
exhibit a diffuse, approximately north–south and

sub-vertical c-axis girdle, within which a weak
cluster plunges moderately north, whilst the
maximum in m plunges shallowly ESE. The globu-
lar grains exhibit a broad cluster of c-axes about Y,
although a distinct maximum plunges moderately
WSW, but the maximum in m plunges north, an
orientation not recognized for any other microstruc-
tural element or whole rock CPO. Ribbon grains
exhibit a sub-vertical, NNE–SSW c-axis girdle,
with a distinct cluster plunging moderately SW,
and the maximum in m plunging shallowly ESE.

For the YZ section (Fig. 9), the matrix grains
exhibit a broad cluster of c-axes with the maximum
plunging moderately north, whilst the maximum
in m plunges sub-horizontally SE. The globular
grains also exhibit a broad, moderately to vertically
plunging, NE–SW cluster, whilst the maximum in
m and r plunge shallowly SE and moderately WNW,
respectively. The ribbon grains exhibit an approxi-
mately orthogonal double maxima of c-axes
plunging moderately either north or SW, which
together define a NNE–SSW girdle, whilst the
maximum in m plunges shallowly SE and the
maximum in r and z plunge moderately WNW and
very steeply south respectively.

Thus, the CPO of the three individual grain
microstructures are consistent, at least partially,
with the overall kinematic reference frame of the
Moine Thrust Zone. In particular, the maxima in
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Fig. 8. EBSD-derived pole figures for sample SG10 measured in the three principal structural section plane orientations
(XY, XZ and YZ – see Fig. 4) and subsequently rotated into geographic coordinates (NSEW; geographical X, Y, Z
orientations are shown left). All pole figures are lower hemisphere projections. Contour intervals are units of the mean
uniform distribution (m.u.d.) except the minimum contour, which is 0.5 m.u.d. (maximum and minimum values are
indicated by the solid black squares and open circles respectively). (a) XY structural plane (n ¼ 102 656 analytical
points). (b) XZ structural plane (n ¼ 66 158). (c) YZ structural plane (n ¼ 98 991).
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Fig. 9. EBSD-derived pole figures measured for the three grain microstructures (m, ‘matrix’; g, ‘globular’; r, ‘ribbon’)
in the principal structural section planes (XY, XZ and YZ) and subsequently rotated into geographical coordinates
(NSEW – geographical X, Y, Z orientations are shown top left). All pole figures are lower hemisphere projections.
Contour intervals are units of the mean uniform distribution (m.u.d.) except the minimum contour, which is 0.5 m.u.d.
(maximum and minimum values are indicated by the solid black squares and open circles respectively).
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m usually plunge shallowly ESE, parallel to the kin-
ematic movement direction, whilst c-axes single
girdles are orientated usually approximately
NNE–SSW, parallel to the regional strike of the
Moine Thrust Zone. However, in detail it is the
ribbon grains that provide the strongest component
of the ESE plunging m fabric, whilst the ribbon
and globular grains contribute most strongly to the
c-axis fabrics, although these often comprise dis-
tinct clusters. Overall, the matrix grains contribute
relatively weakly to the various grain microstruc-
tural CPO (Fig. 9), which might support the sugges-
tion made by Halfpenny et al. (2006) that grain
boundary sliding has contributed a greater or
lesser extent to the evolution of the MCQ.

3D geographical CPO: whole rock

The fact that different microstructural elements con-
tribute to different parts of the CPO introduces a
potentially significant problem, namely sampling
bias. It is clear from the EBSD-derived CPO that
the three sample sections do exhibit differences
(Fig. 4) even when viewed in a common (i.e. geo-
graphical) reference frame (Fig. 8). It seems appro-
priate, therefore, to combine the orientation datasets
for the three sections in geographical coordinates in
to a single ‘whole rock’ dataset, from which a more
realistic ‘three dimensional’ CPO can be derived.

The 3D geographical CPO exhibit a single c-axis
girdle inclined NNE–SSW (Fig. 10). However,
within this girdle there is a maximum that defines
a basal plane girdle distribution dipping moderately
SSE, within which the maximum in m plunges shal-
lowly towards the ESE. The associated maximum in
a plunges approximately horizontally towards E.
There is evidencealso in the3D CPOforsome coinci-
denceof the positive (r) and negative (z) rhomborien-
tations, which could be interpreted as indicative of a
contribution from dauphine twinning (e.g. Baker &
Riekels 1977). Furthermore, the maximum in r is

orientated approximately horizontally NE and indi-
cates potentially the orientation of the local
maximum principal stress direction (e.g. Lloyd
2000). The equivalent maximum in z is orientated
horizontally south.

It is suggested that the 3D (geographical) CPO
(Fig. 10) is the most representative CPO for sample
SG10, rather than those measured previously (sum-
marized in Fig. 2c) or shown here for specific
tectonic reference frames (Figs 4 & 8). This is
because the 3D CPO simply has a greater opportu-
nity of recognizing microstructural elements that
are potentially section dependent (e.g. so-called
‘out-of-kinematic-section’ movement indicators –
see below and also Law 2010; Law et al. 2010, for
further discussions of the tectonic significance of
such features). Of course, given the surficial nature
of EBSD analysis, the 3D CPO derived here
(Fig. 10) is not truly three dimensional as it
does not penetrate through the whole sample. A
similar restriction applies also to 3D CPO measured
by either optical microscopy or X-ray texture gonio-
metry but not neutron diffraction, which does pene-
trate through the entire sample. In this respect,
recent advances in so-called ‘four- dimensional’
X-ray microscopy, which also samples specimen
interiors and appears inherently simpler than
neutron diffraction (e.g. Schmidt et al. 2004; Juul
Jensen et al. 2006; Juul Jensen & Godiksen 2008),
may challenge the popularity and usefulness of
EBSD in the future by providing true 3D CPO,
although it does rely on a synchrotron source.

3D geographical CPO: individual grains

The individual grain microstructure CPO in geogra-
phical coordinates (Fig. 9) can be combined simi-
larly in to 3D geographical CPO for both the
individual grain microstructures alone and also for
all grains together (Fig. 11). In the case of the 3D
individual grain microstructures, the matrix grains
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Fig. 10. EBSD-derived pole figures for sample SG10 measured in the three principal structural section plane
orientations (XY, XZ and YZ – see Fig. 4) and subsequently rotated into geographic coordinates (NSEW; geographical
X, Y, Z orientations are shown left) and then combined in to a single, three dimensional data set (n ¼ 287 805 analytical
points). All pole figures are lower hemisphere projections. Contour intervals are units of the mean uniform distribution
(m.u.d.) except the minimum contour, which is 0.5 m.u.d. (maximum and minimum values are indicated by the solid
black squares and open circles respectively).
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exhibit a broad c-axis girdle orientated NNE–SSW,
with a cluster plunging moderately north, whilst
the maximum in m plunges shallowly towards
the SE and the maxima in r and z plunge sub-
horizontally NE and south respectively. The
globular grains exhibit a broad cluster, orientated
NNE–SSW with the maximum plunging moder-
ately north, whilst the maximum in m plunges
towards the SE and the maxima in r and z plunge
moderately WNW and sub-horizontally E respect-
ively. The ribbon grains exhibit a broad girdle
orientated NNE-SSW with a cluster plunging mod-
erately SW, whilst the maximum in m plunges
shallowly towards the ESE and the maxima in r
and z plunge moderately WNW and vertically
respectively.

If the individual grain microstructure 3D
geographical CPO are combined together (Fig. 11 –
all grains), they define a broad, NNE–SSW
trending c-axis girdle with two clusters, the most
prominent of which plunges moderately north. The
maximum in m plunges shallowly ESE, with the
(weak) maximum in a plunging sub-horizontally
approximately eastwards. The (weak) maxima in r
and z plunge moderately WNW and sub-vertically
respectively. The combined grain microstructure
CPO is remarkably similar to the equivalent whole

rock 3D geographical CPO (Fig. 10), which indeed
it should be as they are all derived from the same
samples. However, there are (subtle) differences in
terms of the orientations of the maxima in r and z.

Finally, it was shown above that the three dis-
tinctive grain microstructures could form ‘building
blocks’ (e.g. Fig. 7) from which different ‘mylo-
nites’ could be ‘made’. Similarly, the CPO expected
for these ‘made mylonites’ can be predicted by
combining in different configurations and pro-
portions the 3D geographical CPO for the individual
grain microstructures. Such ‘made mylonites’ could
assist in understanding the processes that contribute
to the formation of these geologically important
rocks, but is beyond the scope of this contribution.

Seismic properties: whole rock

Due to the azimuthal dependence of seismic waves,
it is sensible when displaying petrofabric-derived
seismic data that they are presented in geographical
rather than sample or kinematic (e.g. Fig. 6) coordi-
nates. Such representations are shown in Figure 12,
where the individual properties have been contoured
using a common scale to emphasize the differences
and similarities. In general, the XZ sample predicts
the lowest seismic values, which suggests that the
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Fig. 11. EBSD-derived pole figures for the three grain microstructures in the principal structural section planes (XY,
XZ and YZ) and subsequently rotated into geographic coordinates (NSEW; geographical X, Y, Z orientations are shown
top left). The bottom row combines all three microstructures together in to composite geographical CPO. All pole
figures are lower hemisphere projections. Contour intervals are units of the mean uniform distribution (m.u.d.) except
the minimum contour, which is 0.5 m.u.d. (maximum and minimum values are indicated by the solid black squares and
open circles respectively).
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conventional methodology for deriving seismic
properties from CPO may underestimate real values,
perhaps considerably.

The predicted Vp distributions are similar for all
three sections, with minima plunging shallowly
ESE, parallel to the regional movement direction
and extension lineation (X), and maxima plunging
sub-vertically, at least for the XZ and YZ sections
(Fig. 12). Predicted AVs distributions are more
variable, with all sections generating maxima in
different orientations unrelated to any kinematic
orientations, although the higher values of AVs for
the XY section define the statistical basal plane
recognized in the equivalent CPO datasets (see
Figs 8 & 10). However, the combinations of
predicted AVs and Vs1P exhibit some interesting
patterns. For example, vertically propagating (e.g.
teleseismic) waves vary from c. 1% AVs and
ESE–WNW Vs1P for the XY section, through
c. 5% AVs and NNE–SSW (i.e. parallel to the
regional strike of the Moine Thrust Zone) Vs1P for
the YZ section, to 8.6% AVs (i.e. the maximum
value) and NW–SE Vs1P for the XZ section.

In terms of the predicted Vs1 and Vs2 values, the
XZ and YZ sections exhibit similar patterns, some-
what different to the XY section (Fig. 12).

Similar behaviours are shown by using the CPO
data combined into a single three dimensional
dataset (Fig. 10) to predict the true three dimen-
sional nature of seismic wave propagation through
rocks (Fig. 12). Only the minimum in predicted
Vp appears to have any close relationship to a
particular tectonic direction, plunging shallowly
c. ESE, sub-parallel to the regional extension direc-
tion (X). In addition, the combination of predicted
AVs and Vs1P for vertically propagating waves is
now only c. 5% (i.e. c. 1/3 of the maximum
recorded), orientated NE–SW.

Thus, the CPO derived for each section (e.g.
Fig. 8) appear to have little impact on the seismic
properties, which therefore do not in general
reflect either the small (i.e. sample SG10) or large
(i.e. regional) scale structural features, such as foli-
ation and lineation. The difficulties in relating easily
between the CPO and the seismic properties can be
explained probably by the fact that quartz has three
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slip directions (i.e. a) for most of its principal
systems (e.g. basal-a, prism-a, rhomb-a, etc.), which
impact with different weightings due to variations in
critical resolved shear stress and perhaps even +a if
these are physically different (see above). Natural
quartz tectonites that deform via these trigonally
symmetric a-dominant processes are likely to form
therefore ‘dispersed’ (e.g. single and cross-girdle)
distributions, rather than ‘quasi-single crystal’ CPO,
which dilute the impact of single crystal mineral
elastic anisotropy on the seismic properties (e.g.
Tatham et al. 2008).

Seismic properties: individual grains

Seismic properties can be derived also from the 3D
geographical CPO for the individual grain micro-
structures (Fig. 13a–c). The distributions of pre-
dicted Vp are all similar to those obtained from
the whole rock CPO, with the minimum values
plunging shallowly c. ESE (Fig. 12). However, the
globular grains generate the highest maximum vel-
ocity and Vp anisotropy, whilst the matrix grains
generate the lowest maximum velocity and Vp ani-
sotropy. The globular grains are responsible also for
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Fig. 13. Summary of the predicted seismic phase velocity properties derived from the 3D geographical individual grain
microstructures. (a) Matrix (m) grains only. (b) Globular (g) grains only. (c) Ribbon (r) grains only. (d) All grains, based
on the absolute number of grains measured. (e) ‘Made mylonite’ comprising equal proportions of each grain
microstructure. (f) ‘Made mylonite’ comprising 60% matrix grains, 20% globular grains and 20% ribbon grains, which
provides an approximate match for to the seismic properties derived from the whole rock 3D geographical CPO
(Fig. 12). All are lower hemisphere projections; contour intervals are scaled the same for each property, as indicated.
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the highest maximum in AVs, which plunges
shallowly east (as does the maximum in AVs for
the ribbon grains), whilst the matrix grains generate
the lowest maximum in AVs, which plunges sub-
horizontally to the south. All three grain microstruc-
tures exhibit similarly a predicted NNE–SSW
polarization direction for vertically propagating
Vs1 waves, although the magnitude of the associ-
ated AVs varies from c. 3% for matrix grains,
through c. 5.5% for ribbon grains to c. 6% for
globular grains (Fig. 13a–c).

Whilst the individual grain microstructures
can be combined into a single dataset from which
composite predicted seismic properties can be gen-
erated (Fig. 13d), this assumes not only that the
same number of grains have been measured for
each microstructure, which is not the case (e.g.
Fig. 11), but also that each microstructure has the
same modal fraction. However, it is possible to dis-
tinguish each microstructural type in the generation
of the composite seismic properties and hence the
contribution of each grain microstructure to the
overall seismic properties can be investigated by
varying its modal proportion.

For example, if each grain microstructure is
assigned a modal proportion of 33.3%, they contrib-
ute equally to the seismic properties (Fig. 13e).
Although the predicted seismic property distri-
butions are similar to those predicted for the whole
rock CPO (Fig. 12), apart from the maximum in
AVs, which plunges shallowly c. east rather than
moderately south, the actual values are all some-
what higher. However, by varying systematically
the relative modal proportions of the three grain
microstructures it is possible to determine the rela-
tive proportions of microstructures that produce
the observed whole rock seismic properties.
It appears therefore that a ratio of c. 60% matrix,
c. 20% globular and c. 20% ribbon grains is respon-
sible for the observed whole rock predicted seismic
properties (Figs 12 & 13f). These values compare
favourably with the actual proportions of matrix
(c. 50%), globular (c. 25%) and ribbon (c. 25%)
grains observed in sample SG10.

Conclusion

1. SEM EBSD has been used to determine the
CPO and petrofabric-derived seismic properties
of sample SG10 (Law et al. 1986) of a mylonitic
Cambrian quartzite from the Stack of Glencoul,
Assynt, NW Scotland, by analysing three
orthogonal tectonic sections (XY, XZ and YZ).

2. The CPO are different for the three orthogonal
sections of this sample. The most probable
reason for this different is the presence of
three distinctive grain textures (‘matrix’,

‘globular’ and ‘ribbon’) in the composite
microstructure, which vary in their relative pro-
portions between the orthogonal samples and
occupy different parts of the overall CPO.

3. Thus, classical CPO interpretations based on
XZ sections alone may not provide sufficient
scrutiny of the CPO (and any dependent petro-
physical properties) of deformed quartzites and
other tectonites.

4. To derive a more accurate representation of
the CPO of quartz tectonites and to negate the
potential impact of textural differences, it is
advised that orthogonal sections are analysed
separately and combined in the ‘three-
dimensional’ geographical coordinate refer-
ence frame.

5. A geographical representation of the CPO
permits also the most realistic appreciation of
any petrofabric-derived petrophysical prop-
erty, such as the prediction of seismic
characteristics.

6. In general, it appears that the seismic properties
of quartz mylonites are not useful indicators of
the deformation kinematics, possibly due to the
presence and dominance of three a-axes in the
principal quartz crystal slip systems, which act
to dilute and/or disperse the impact of the elas-
tically anisotropic single crystal behaviour.

7. More detailed analysis of the mylonite recog-
nizes three distinct microstructures (‘matrix’,
‘globular’ and ribbon’), each with their own
CPO that contribute to different parts of the
whole rock CPO.

8. The different grain microstructures can be
combined in different proportions to ‘make’
mylonites with different CPO and hence
seismic properties. This approach may prove
useful in furthering understanding of these
important rock types.

We dedicate this contribution to the memory of our late
colleague and friend, Martin Casey, whose work on
quartz petrofabrics has influenced our thinking over the
years. We are not sure whether he would have agreed
with what we have said but he would have certainly
enjoyed arguing with us about it! The automated EBSD
system was funded by UK NERC Grant GR9/3223
(GEL, M. Casey). Work by R. D. Law on the mylonites
of the Moine Thrust zone is currently supported by U.S.
National Science Foundation grant EAR 0538031. We
thank two anonymous referees and the editor, R. E. Holds-
worth, for their comments that have improved the original
version of this contribution.
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Abstract: The Moine Thrust zone (MTZ) marks the Caledonian foreland-to-hinterland transition
zone at the base of the Scandian (c. 430 Ma) orogenic wedge. In the Loch Eriboll region, the upper
ductile part of the MTZ is composed in ascending order of two regionally extensive thrust sheets
(Upper Arnaboll-Creag na Faoilin and Creagan) and is overlain by the Moine Nappe. Quartz crystal
fabrics, kinematic vorticity (Wm), and strain estimates from the ductile thrust sheets in this region
are used to determine how pure and simple shear components of deformation are partitioned, and
indicate that these processes may be thermally, structurally, and lithologically dependent. At the
lowest structural levels, quartzite and gneiss in the Upper Arnaboll-Creag na Faoilin (UA-CNF)
thrust sheet yield rigid grain-based arithmetic mean minimum (Wmmin) and mean maximum
(Wmmax) vorticity estimates of 0.57 and 0.67, respectively (60–53% pure shear). Creagan
thrust sheet mylonites yield Wmmin and Wmmax estimates of 0.59 and 0.72 (59–48% pure
shear). At the highest structural levels, Moine Nappe mylonites yield Wmmin and Wmmax esti-
mates of 0.59 and 0.71 (59–49% pure shear). Quartz c- and a-axis fabrics qualitatively indicate
an increase in non-coaxial deformation (top-to-the-west) traced towards structurally higher
levels, which is accompanied by increases in deformation temperature (c. 370 8C to c. 550 8C).
Integrated strain and vorticity estimates indicate that significant sub-vertical foliation normal short-
ening has occurred as nappe stacking progressed.

Recent quantitative vorticity studies have indicated
that ductile deformation in the hinterlands of colli-
sional orogenic systems (e.g. High Himalaya, Scot-
tish Caledonides, Greek Hellenides) involves a
significant component of pure shear deformation
(Grasemann et al. 1999; Xypolias & Doutsos
2000; Xypolias & Koukouvelas 2001; Law et al.
2004; Jessup et al. 2006; Law et al. 2010; Xypolias
et al. 2010) and ductile nappes in these orogens are
often dominated by a pervasive subhorizontal foli-
ation, which is unlikely to result solely from
simple shear deformation (Ring & Kassem 2007).
Traditional models of ductile thrust sheet emplace-
ment that assume strictly simple shear as the domi-
nant deformation symmetry fail to explain the
observed variation of grain shape fabrics (L-, L-S,
and S-tectonites; Fig. 1a–c) observed in high strain
zones of most orogens (Strand 1945; Kvale 1945;
Flinn 1956, 1961; Wood 1973; Mendum 1976;

Law et al. 1984, 2004, 2010; Fossen 1993a, b;
Strine & Mitra 2004; Strine & Wojtal 2004;
Xypolias et al. 2010).

If these data reflect actual deformation con-
ditions, then a number of implications must be con-
sidered regarding orogenic wedge evolution (Platt
1986). Firstly, pure shear strain applied orthogonal
to the pervasive subhorizontal foliation should, in
the absence of significant volume loss, lead to verti-
cal ductile thinning of the nappe pile (Ring &
Kassem 2007). In simple models that assume
approximately plane strain isochoric conditions,
vertical ductile thinning should result in transport-
parallel lengthening of thrust sheets and subsequent
extrusion of material towards the synorogenic topo-
graphic surface. Also, along-strike variation in
extrusion magnitude could produce strike-parallel
gradients in ductile displacement and may even be
responsible for observed variations of foreland

From: LAW, R. D., BUTLER, R. W. H., HOLDSWORTH, R. E., KRABBENDAM, M. & STRACHAN, R. A. (eds) Continental
Tectonics and Mountain Building: The Legacy of Peach and Horne. Geological Society, London, Special Publications,
335, 623–662. DOI: 10.1144/SP335.26 0305-8719/10/$15.00 # The Geological Society of London 2010.
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Fig. 1. Typical spectrum of grain shape fabrics observed in most orogenic systems. (a) L-S tectonites characterized
by foliation and lineation, and assumed to form under conditions approximating plane strain. (b) S-tectonites
characterized by a strong foliation with little or no penetrative stretching lineation; these fabrics are interpreted to
develop in flattening strain regimes and should result in space problems along strike. (c) L-tectonites characterized by
stretching lineations with little or no planar foliation component; these fabrics, result from broadly constrictional
regimes, and result in contraction both horizontally and vertically with attendant along-strike space problems. (d) Moine
psammite L-S tectonite near Balnakeil Bay, Durness, NC 39080 69920. (e) Moine psammite S-tectonite near the summit
of An Leann Charn, South Eriboll, NC 41956 52630. (f) Moine conglomeratic L-tectonite on summit of Ben Hutig,
North Coast, NC 53855 65207.
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shortening accommodation (salients and recesses).
At a higher degree of complexity, isochoric pure
shear non-plane flattening deformation could result
in heterogeneous lateral ductile flow of material,
which in turn could lead to strain compatibility
issues and produce zones of surging and slackening
flow (i.e. flow perturbation; Alsop & Holdsworth
2002) and structural interference (Sylvester &
Janecky 1988). Secondly, if extrusion occurs in
one direction from a point origin, the relative mag-
nitude of extrusion should increase exponentially
in the transport direction, resulting in a consequent
increase in strain rates (and by association a
change in active deformation mechanisms) at pro-
gressively higher crustal levels (Williams et al.
2006). This also implies that lower- and mid-crustal
processes must somehow be kinematically and
dynamically linked to upper crustal processes
(Northrup 1996).

In this paper, we report the results of vorticity
and strain symmetry analyses of samples collected
along the MTZ and overlying Moine Nappe in the
Loch Eriboll region. These results are discussed in
the context of spatial, lithogical, thermal, and struc-
tural controls on flow partitioning. The Moine
Thrust zone (MTZ) of NW Scotland is composed
of a series of gently east-dipping thrust sheets of vari-
able deformational and metamorphic character and
represents the foreland-to-hinterland transition
zone of the Scandian (Caledonian; c. 430 Ma)
orogenic wedge (Fig. 2; Peach et al. 1907; Elliott
& Johnson 1980; McClay & Coward 1981; Butler
& Coward 1984; Strachan et al. 2002; Johnson &
Strachan 2006). The Eriboll-Assynt region
(Figs 2 & 3) represents classic ground in studies of
thrust geometry and deformation mechanisms
(Christie 1963; Allison 1979; Elliot & Johnson
1980; Dayan 1981; McClay & Coward 1981;
Butler 1982; White et al. 1982). It was in the MTZ
that the terms ‘thrust’ and ‘mylonite’ were first intro-
duced by Geike (1884) and Lapworth (1885),
respectively. Later, Peach et al. (1907) were the
first to suggest that thrusts form in linked arrays,
and these early geometric principles laid the foun-
dation for analysing thrust belt architecture. By uti-
lizing mylonite samples from the eastern shores of
Loch Eriboll and at the Stack of Glencoul (Fig. 2),
Law et al. (1984, 1986) first provided qualitative evi-
dence that partitioning of coaxial and non-coaxial
deformation components could occur based on
microstructures and quartz c- and a-axis fabrics.

The Loch Eriboll region represents an ideal
setting to test these ideas because of the following.

1. The mid-crustal ductile Moine and related
thrusts are relatively well-exposed, and the
precise positions of the structures have been
documented by numerous Geological Survey

(British Geological Survey 1889, 1997, 2002,
2007) and university-based geological maps
(Soper & Wilkinson 1975; Butler 1982;
Coward 1984; Grant 1989; Holdsworth 1989;
Holdsworth et al. 2001, 2006, 2007; Cheer
2006).

2. Penetratively deformed rocks in the vicinity of
the MTZ and related thrusts contain a variety of
grain-shape fabrics (Fig. 1d–f).

3. Mylonites derived from rocks of the foreland
(mostly Cambrian quartzite and Archaean
Lewisian gneiss) and overlying Moine Nappe
are lithogically well-suited for numerous strain
symmetry and vorticity analysis techniques.

4. Temperatures of deformation (c. 300–550 8C)
in the mylonite zone and overlying Moine
Nappe resulted in brittle deformation and
rotation of feldspar and other rigid grains
(epidote, tourmaline, opaques, etc.) in a matrix
of plastically deforming quartz (Cambrian
quartzite, Moine psammite) and/or phyllo-
silicate (Lewisian, Oystershell Rock), which
is ideal for rigid grain vorticity analysis
techniques.

5. Mylonitic foliation is sub-parallel to the perva-
sive fabrics (D2) in the overlying Moine Nappe
in this region, which many authors have attrib-
uted to a single progressive (Scandian) defor-
mation event.

Tectonic setting

The Caledonides of NW Scotland are composed of
two terrains (Hebridean and Northern Highlands)
juxtaposed during the Grampian (475–460 Ma)
and Scandian (435–425 Ma) collisional events
(Park et al. 2002; Strachan et al. 2002). Grampian
orogenesis was produced by collision between the
Laurentian margin and an oceanic arc, resulting in
obduction of ophiolites and regional metamorphism
(Dewey & Shackleton 1984). The Scandian oro-
genic event, which is believed to have culminated
in the formation of the major ductile thrusts of
the Caledonian wedge, resulted from collision of
Baltica with the NW Scotland segment of the Laur-
entian margin (Coward 1990; Dewey & Mange
1999; Dewey & Strachan 2003).

To the west, the Hebridean terrane, which
records little penetrative Caledonian deformation
with the exception of its easternmost margin, is
dominantly composed of Lewisian gneiss (3000–
2700 Ma metagranitoids, metabasites, and lesser
metasediments), Scourian basic dykes (c. 2400 Ma
and c. 2000 Ma), and Laxfordian granite (1900–
1600 Ma; Park et al. 2002 and references therein).
This multiply deformed basement complex is
unconformably overlain to the west by continental
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Fig. 2. Regional overview map of northern Scotland. Modified from Krabbendam et al. (2008).
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red bed sequences of the Torridonian (1200–
1000 Ma) and to the east by the Cambro-Ordovician
Laurentian platform sequence of Eriboll Formation
(Basal Quartzite, Pipe-Rock), An-t-Sron Formation
(shale, siltstone, and sandstone) and Durness
Limestone.

The Northern Highlands terrane (NHT) is
bounded to the WNW by the MTZ and to the SE

by the Great Glen fault. In Sutherland, the NHT is
composed of two major tectonostratigaphic units
(Moine and Naver nappes) separated by the Naver
thrust (Fig. 2; Moorhouse 1977; Barr et al. 1986;
Holdsworth & Strachan 1988; Moorhouse & Moor-
house 1988; Strachan & Holdsworth 1988; Strachan
et al. 2002). This terrane contains evidence for
at least three tectonothermal events, including the
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Knoydartian (820–730 Ma), Grampian (470–
460 Ma), and Scandian (435–425 Ma) orogenies
(Rogers et al. 1998, 2001; Vance et al. 1998;
Kinny et al. 1999, 2003; Friend et al. 2000; Dall-
meyer et al. 2001). In the Moine Nappe, Morar
Group psammite and lesser garnetiferous schist are
juxtaposed against Lewisianoid basement inliers.
The Moine-Lewisianoid contacts are commonly
interpreted to represent a tectonized and/or unmodi-
fied unconformity, and Lewisianoid basement com-
monly either forms the cores of D2 (Caledonian)
overturned to recumbent folds or occurs as slices
in the hanging walls of D2 ductile thrusts (Barr
et al. 1986; Holdsworth 1989). The Ben Hope Sill
Suite (Read 1931; Moorhouse 1977) is recognized
lying along the upper contact of the Kinloch Lewi-
sian inlier in the immediate hanging wall of the
Ben Hope thrust. This amphibolite sill is interpreted
to have intruded along the Lewisianoid-Moine
contact prior to deformation (Holdsworth 1987). To
the east, the Naver thrust places sillimanite grade,
locally migmatitic paragneiss and pelitic schist
(640–660 8C at 5 kbar, garnet-biotite; Burns 1994)
over footwall Morar Group rocks (475 8C at
3–4 kbar, garnet-biotite; Burns 1994). Within the
Naver nappe, Grampian (c. 467 Ma) fabrics are
dominant; however, they are often overprinted by
later Scandian foliations and lineations (Kinny
et al. 2003).

One of the most interesting features of the NHT
is the presence of an inverted metamorphic
sequence (Read 1931; Soper & Brown 1971;
Winchester 1974; Barr et al. 1986; see review by
Johnson & Strachan 2006). A progessive west
to east increase in metamorphic grade from anchi-
zone/greenschist within the MTZ to mid-upper
amphibolite facies in the footwall of the Naver
thrust is attributed to an earlier (Knoydartian?) pro-
grade event followed by later retrogression coeval
with Scandian thrusting (Soper & Brown 1971). In
the Naver nappe, ubiquitous migmatization is isoto-
pically constrained to the Grampian orogeny;
however, these rocks were further deformed and
transported west along the ductile Naver thrust
during the Scandian event (Soper & Brown 1971;
Barr et al. 1986).

Structural geometry of the MTZ

The local geology at Loch Eriboll can be subdivided
into a number of structural domains (see Park et al.
2002 and references therein), including:

1. the Caledonian foreland, composed of
Archaean-Proterozoic Lewisian basement
gneiss unconformably overlain by the Torrido-
nian to the west and the Cambro-Ordovician
platform rocks to the east;

2. the structurally lower MTZ between the Sole
and Arnaboll thrusts, including highly imbri-
cated portions of the Archaean-Ordovician
Laurentian margin;

3. the structurally higher ductile MTZ, which may
be separated from the lower MTZ by the brittle
out-of-sequence Lochan Riabhach thrust
(Holdsworth et al. 2006) and includes perva-
sively mylonitized rocks of the Upper Arna-
boll-Creag na Faoilin (UA-CNF) and Creagan
thrust sheets; and

4. the Moine Nappe, which is composed of Lewi-
sianoid basement and its Moine Supergroup
cover sequence.

For the purposes of this study, the ductile part of the
MTZ and overlying nappes in the Eriboll region are
further subdivided into five structural levels separ-
ated by major mylonitic thrusts. From structurally
lowest to highest these include the Arnaboll thrust
sheet, the UA-CNF thrust sheet, the Creagan
nappe, the Moine Nappe, and the Ben Hope nappe
(Fig. 3; British Geological Survey 1997, 2002;
Holdsworth et al. 2001, 2006, 2007).

Arnaboll thrust sheet. Mylonites first described by
Lapworth (1885) in a zone c. 2 m thick mark the
position of the Arnaboll thrust (White et al. 1982;
White 1998, 2010). At the type locality on Ben
Arnaboll (NC 4615 5958; Lapworth 1885; Peach
et al. 1888, 1907), Lewisian gneiss is thrust to the
NW over Cambrian Pipe-rock and all penetrative
deformation appears to be confined to the narrow
mylonite zone. The relatively sharp though well-
exposed transition from mylonitic to unmylonitic
deformation suggests that brittle reactivation of
the Arnaboll thrust either did not occur or is of neg-
ligible magnitude.

Upper Arnaboll-Creag na Faoilin thrust sheet. The
UA-CNF thrust sheet (Figs 3 & 4a) consists of vari-
ably deformed and mylonitized Lewisian gneiss
together with Eriboll Formation(?) derived quartz
mylonites and is located to the immediate NE of
Loch Hope and possibly in the Assynt region to
the south (Thigpen et al. 2008). Recent detailed geo-
logical mapping (British Geological Survey 2002;
Cheer 2006) suggests the continuation of the
UA-CNF thrust sheet at least as far south as Loch
More, which is supported by petrographic evidence
obtained by this study and discussed in detail later.
In an effort to avoid confusion with previous
studies (e.g. Holdsworth et al. 2006), the UA-CNF
thrust sheet of this study is defined as consisting of
Lewisian and Eriboll Formation mylonite in the
thrust sheet beneath the Creagan thrust near Loch
Eriboll and beneath the Moine Thrust from southern
Eriboll to northern Assynt (Fig. 5). The actual fault
surface at the base of the UA-CNF thrust sheet was
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interpreted by Holdsworth et al. (2006) to be an
out-of-sequence brittle structure, the Lochan
Riabhach thrust. Although the precise nature,
timing, and significance of this boundary remains
controversial, further discussion is beyond the
scope of this paper.

Creagan thrust sheet. On the British Geological
Survey (2002) sheet 114W of Loch Eriboll a thrust
is depicted to the east of, and structurally above,
the UA-CNF thrust sheet, which separates
extremely mylonitized ‘Oystershell Rock’ (chlorite-
muscovite phyllonite) and Cambrian Eriboll
Formation rocks (Peach et al. 1907) in the hanging
wall from mylonites of the UA-CNF thrust sheet
in the footwall (Figs 3 & 6a). Although this struc-
ture was not named in the original survey work,
we propose that it has a regional significance and
therefore suggest the term Creagan thrust. In the
main thrust belt, the Creagan thrust is truncated by
and/or merges with the Moine Thrust immediately
south of Creagan na Faoilin (Figs 3 & 6a).

NW of Loch Eriboll at Faraid Head and Sango
Bay, Holdsworth et al. (2006) correlated shear-
banded chlorite schist lying structurally beneath
Moine psammite with Oystershell Rock of their

Lochan Riabhach (our Creagan) thrust sheet
(Fig. 7). These exposures, including the famous out-
crops of Oystershell Rock at Sango Bay (Peach et al.
1907), occur as remnants of the MTZ dissected
by post-Caledonian normal faulting (Peach &
Horne 1884; Wilson et al. 2010). With the possible
exception of mylonitized Eriboll Formation quart-
zite at the NW end of Sango Bay, all exposures of
the Creagan thrust sheet on Faraid Head are
composed of Oystershell Rock (Holdsworth et al.
2006, 2007).

Moine Nappe. The Moine Nappe lies immediately
above the MTZ (Fig. 8). Unlike lower thrust
sheets, rocks of the Moine Nappe in NW Scotland
record significant evidence for a polyphase
deformational history (e.g. Ramsay 1958, 1963;
Brown et al. 1970; Tanner 1970; Tobisch et al.
1970; Powell 1974; Baird 1982; Strachan 1985).
Lithologies observed in the Moine Nappe include
quartzofeldspathic psammite, quartzite, and lesser
conglomerate (Strathan conglomerate) and garnet-
bearing pelite of the Moine Supergroup, and
Lewisianoid basement quartzofeldspathic gneiss,
which is interpreted to lie stratigraphically beneath
Moine lithologies.

Arnaboll thrust

Lochan Riabhach thrust

unnamed thrust

Moine Thrust

North coast – Loch Eriboll
BGS (2002) and Holdsworth et al. (2006)

tectonostratigraphy

Arnaboll thrust
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this study

Lochan Riabhach thrust

Moine Thrust
UA-CNF thrust

Moine Thrust

Lewisian Complex

Oystershell rock

Eriboll Formation mylonite

Lewisian mylonite Moine Supergroup

Loch Eriboll – northern Assynt
Cheer (2006) tectonostratigraphy

Loch Eriboll – northern Assynt
this study

Fig. 5. Correlation of major ductile thrust sheets recognized from the north coast-Loch Eriboll-northern Assynt
between this study and previous studies.
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Down-faulted rocks of the Moine Nappe are
also exposed to the north and west on Faraid Head
(Figs 3 & 7a; Peach & Horne 1884). There, the
stratigraphically lower Lewisianoid basement lies
in faulted contact (Moine Thrust) with the under-
lying Oystershell Rock of the Creagan thrust sheet.
Moine rocks are observed lying stratigraphically
and/or structurally above Lewisianoid lithologies
(Holdsworth et al. 2006, 2007). At Sango Bay, no
exposures of Moine lithologies have been observed,
and the position of the Moine Thrust here remains
controversial (cf. Butler 2004, 2007; Holdsworth
et al. 2006). Although a contact could not be directly
observed, Oystershell Rock in Sango Bay appears to
dip shallowly beneath sheared Lewisianoid-like
lithologies to the ESE, which has been used as evi-
dence in many studies (Peach et al. 1907; Hippler
1989; Hippler & Knipe 1990; British Geological
Survey 2002), including our own, to infer the pres-
ence of the Moine Thrust at this locality.

Ben Hope nappe. The Ben Hope thrust lies structu-
rally above and to the east of the Moine Nappe
(Figs 2 & 3; Holdsworth et al. 2001). From the
north coast to Ben Hope, the thrust can be easily
recognized by the juxtapostion of Lewisianoid base-
ment inliers and amphibolite thrust to the west over
Moine Supergroup psammites within a mylonitic
zone of retrograde metamorphism c. 100–200 m
thick (Holdsworth 1989; Holdsworth & Grant
1990; Holdsworth et al. 2001; Alsop et al. 2010).
South of Alltnacaillich waterfall [NC 46410
45545], Cheer (2006) mapped the continuation of
this structure as a c. 100 m thick platy, relatively
high strain zone observed in the Moine psammite
succession. Further south, near Allnabad [NC
45700 41948], chloritized cataclasite is recognized
in the vicinity of the high strain zone in an east-west
trending stream. From Allnabad south to Loch Shin,
exposure is sparse, however Leslie et al. (2007) pro-
posed that the Ben Hope thrust turns west to join the
Moine Thrust at the southern-most extent of the
Assynt recess, where the Glen Oykel ‘constric-
tional’ zone appears to accommodate lateral transfer
and joining of the Moine, Ben Hope, and Achness
thrusts (Fig. 2).

Constraints on timing of ductile thrusting

At the base of the Scandian wedge in the MTZ
foreland, timing of thrusting is constrained by the
relationships between major brittle thrusts and

alkaline intrusions, including the Canisp quartz-
microsyenite, and the Loch Borralan and Loch
Ailsh intrusions (see Searle et al. 2010 and refer-
ences therein). The Canisp Porphyry sills, which
are observed beneath the Sole thrust but not in the
thrust belt, have been dated at 437 + 4.8 Ma and
are interpreted to predate movement on the Sole
thrust (U–Pb TIMS zircon; Goodenough et al.
2006). The Loch Borrolan syenite, which lies
entirely below the Ben More thrust, yields a U–Pb
zircon crystallization age of 430 + 4 Ma (van
Breemen et al. 1979). Whilst field relationships
surrounding the Loch Borrolan intrusion remain
ambiguous and contested (see Searle et al. 2010),
pervasively deformed pseudoleucites in the eastern
part of the Borrolan complex resulted from
solid-state deformation following crystallization
but occurred prior to final cooling of the intrusion.
The Loch Ailsh pluton is exposed between the
Moine and Ben More thrusts and yields a U–Pb
zircon age (crystallization?) of 439 + 4 Ma
(Halliday et al. 1987). Although the contacts are
not exposed, the Loch Ailsh pluton is interpreted
to be cut by both the Ben More and Moine
Thrusts, and thus the crystallization age should
predate thrusting in the MTZ.

Structurally above the lower dominantly brittle
MTZ foreland, Rb–Sr white mica crystallization
ages of 437–408 Ma were obtained from Moine
mylonites of the Knockan-Dundonnell regions
(Fig. 2; Freeman et al. 1998). Rb–Sr muscovite
cooling ages (closure T c. 550 8C) of c. 428 Ma,
c. 421 Ma and c. 413 Ma were obtained from
Moine mylonites in the Moine Nappe (Dallmeyer
et al. 2001). Structurally higher and to the east,
Moine mylonites in the Achininver, Ben Hope,
Kinloch, Naver, and Swordly-Kirtomy nappes yield
Rb–Sr muscovite cooling ages of 436 + 0.2 Ma,
433 + 0.2 Ma, 442 + 0.2 Ma, 415 + 0.2 Ma,
and 396 + 0.2 Ma, respectively (Dallmeyer et al.
2001).

A U–Pb zircon age of 415 + 6 Ma obtained
from a syn-D2 deformed metagranite located SW
of Loch Merkland [NC 3881 2926] in the immediate
footwall of the Ben Hope thrust constrains the age
of that structure (Alsop et al. 2010). In the vicinity
of the Naver nappe, deformed granite sheets yield
U–Pb zircon (SHRIMP) ages of 430–420 Ma
(Kinny et al. 2003). At the highest structural levels
of the Scandian wedge, the Skinsdale ductile thrust
is cut discordantly at a low angle by the Strath

Fig. 7. (a) Geological map of the Faraid Head transect; location of Figure 7c indicated. (b) Vorticity estimates and
approximate structural positions (relative to Moine Thrust plane) of samples collected along the Faraid Head transect.
Modified from British Geological Survey (2002). (c) Geological map of Sango Bay with vorticity estimates and
approximate structural depths of samples beneath inferred position of Moine Thrust; partially modified from Butler
(2007). (d) Quartz c- and a-axis fabrics for samples MT-06-09 and MT-06-14 obtained using EBSD. Lower hemisphere
equal area projections shown looking NNE; foliation (S) orientated left to right, lineation (L) horizontal.
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Halladale granite, which also contains a solid-state
deformation fabric interpreted to be associated with
the regional penetrative D2 deformation. U–Pb
monazite geochronology of the Strath Halladale
granite yields an age of 426 + 2 Ma, which is inter-
preted to represent crystallization and be broadly
contemporaneous with the age of ductile thrusting
(Kocks et al. 2006).

Petrography and deformation

temperatures

UA-CNF thrust sheet

In UA-CNF thrust sheet, mylonitic Lewisian gneiss
and Eriboll Formation quartz mylonite contain
rigid, often fractured feldspars in a dominantly
ductile quartz and phyllosilicate matrix. Relict det-
rital quartz grains are flattened and elongate, with
long axes commonly subparallel to the mesoscopic
foliation. Pervasive core and mantle structure
suggests that quartz deformation is dominated by
sub-grain rotation recystallization (SGR; Fig. 9a),
although less common serated grain boundaries
indicate that grain boundary bulging (GBB;
Fig. 9b) may also have occured. The ‘cores’ are
composed of large, relict quartz grains with undula-
tory extinction and subgrain development and the
mantle is composed of smaller recrystallized
grains. This transitional behaviour between SGR
and GBB under ‘average natural’ strain rates has
been suggested to occur at c. 400 8C using the
microstructure thermometer of Stipp et al. (2002a,
b). In the UA-CNF thrust sheet east of Loch Hope,
samples MT-03-05 (EBSD) and 41474 (Law et al.
1984) yield microstructurally-based deformation
temperatures of 370 8C and 345 8C, respectively.

Creagan thrust sheet

In the Creagan thrust sheet, ‘Oystershell Rock’
samples are dominantly composed of macroscopic
quartz lenticles/ribbons of quartz in a matrix of
chlorite, muscovite, and quartz, with lesser amounts
of feldspar and opaques (Fig. 9c). Chlorite and
muscovite occur as elongate laths that, together
with elongate relict quartz grains, define the meso-
scopic foliation. Shear bands are common, and loca-
lize along phyllosilicate horizons. Except where
pinned by phyllosilicate bands, quartz grain bound-
aries appear to be slightly- to moderately mobile, as
indicated by grains with minor undulatory extinc-
tion and deeply sutured grain boundaries. Feldspar
grains within the matrix commonly exhibit
recrystallized tails indicative of rotation (top-to-
the-west), and larger grains are often fractured.
Two populations of opaque grains are recognized;

an earlier phase dominated by grains that deflect
the mescoscopic foliation and a later phase which
appear to overgrow all pre-existing fabrics.

In all Creagan thrust sheet samples from the
Faraid Head and Sango Bay transects, quartz defor-
mation occurs solely by SGR recrystallization, indi-
cating deformation temperatures of c. 390–490 8C
assuming natural strain rates (Stipp et al. 2002a, b).
To the southeast, quartz recrystallization in Creagan
samples from the main thrust belt is dominated by
roughly equal proportions of SGR and grain bound-
ary migration (GBM) recrystallization. Assuming
‘average’ natural strain rates, this transitional
behaviour is indicative of deformation temperatures
of c. 490–530 8C (Stipp et al. 2002a, b).

Moine Nappe

Moine psammite samples generally contain alter-
nating layers of ductilely deformed quartz and
phyllosilicate surrounding rounded brittle feldspar
and epidote (Fig. 9d). The phyllosilicate layers are
composed of muscovite and biotite at higher struc-
tural levels (.500 m above the Moine Thrust) and
chlorite and muscovite at lower structural levels.
The dominant D2 foliation is defined by the long
axes of elongate quartz grains and phyllosilicate
laths and shear bands within the matrix commonly
localize along phyllosilicate-rich horizons. At the
lowest structural levels, (,100 m above the Moine
Thrust) crystal plastic deformation of quartz
occurs primarily via SGR and GBM recrystalliza-
tion, as indicated by ‘relict’ grains with sweeping
extinction and deeply sutured grain boundaries sur-
rounded by significantly smaller recrystallized ‘new’
grains. Quartz grain size appears to be controlled, at
least to some degree, by the variable abundance and
spacing of phyllosilicate layers, which act to ‘pin’
the mobile quartz grain boundaries. At structurally
higher levels, quartz matrix grains are completely
recrystallized and often reveal polygonal grain
boundaries and a significant increase in matrix
grain size, indicative of deformation dominated by
GBM. Shear sense indicators (rotated porphyro-
clasts, oblique grain shape fabrics) in all samples
indicate a top-to-the-WNW sense of shear.

Lewisianoid basement samples commonly
contain feldspar, epidote, and opaque rigid grains
wrapped by a ductilely deformed matrix composed
of quartz, chlorite, and muscovite. Shear bands
within the matrix commonly localize along
phyllosilicate-rich horizons. Care must be exercised
when measuring rigid grains such as opaques and
epidotes for vorticity analyses in these samples,
because some of these grains reveal little evidence
as to their pre-, syn-, or post-kinematic nature.
Quartz in these samples is affected by both SGR
and GBM recrystallization, which is once again

DEFORMATION TEMPERATURES, VORTICITY OF FLOW AND STRAIN SYMMETRY 635



indicative of deformation temperatures of 490–
530 8C (Stipp et al. 2002a, b).

Quartz recrystallization in samples from the
Moine Nappe at Faraid Head (11 km to the WNW
of the main outcrop of the Moine Thrust at Loch

Eriboll) occurs mainly by GBM, with a lesser
component of SGR recrystallization, indicating
deformation temperatures of c. 510–530 8C if
‘average’ natural strain rates are assumed (Stipp
et al. 2002a, b). In contrast in the Moine Nappe

a d

b e

c f

400 µm 400 µm

400 µm

400 µm400 µm

Fig. 9. Photomicrographs and outcrop photos from the study area. All images are viewed towards the north. (a) Core
and mantle structure of quartz in sample MT-06-77 (UA-CNF thrust sheet), indicative of subgrain rotation recry-
stallization. (b) Grain boundary bulging recrystallization of quartz in sample MT-07-15 from the UA-CNF thrust sheet.
(c) Extensional shear bands in Oystershell Rock quartz-chlorite schist of the Creagan thrust sheet (MT-06-107).
(d) Moine (MT-07-31) quartzofeldspathic muscovite psammite from the Moine Nappe. (e) Shear banded Oystershell
Rock chlorite-muscovite-quartz schist, Sango Bay, Durness. (f) Extensional shear bands in an Oystershell Rock
quartz-muscovite-chlorite schist (MT-02-12).
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exposed to the east of Loch Eriboll quartz-rich
layers contain ubiquitous microstructural evidence
for widespread GBM recrystallization, indicating
deformation temperatures greater than c. 530 8C
(Stipp et al. 2002a, b). In other words, close to the
base of the Moine Nappe estimated deformation
temperatures associated with plastic deformation
of quartz decrease traced up structural dip towards
the foreland, assuming constant strain rate and
hydrolytic weakening.

Deformation temperatures indicated by

quartz c-axis opening angles

During plastic deformation and dynamic recrystalli-
zation, the opening angle of quartz c-axis fabrics
increases with rising temperature of deformation,
increasing hydrolytic weakening, and/or decreasing
strain rate, as indicated by numerical simulation
(Lister & Hobbs 1980) and experimental (Tullis
et al. 1973) studies and analysis of natural tectonites
in which deformation temperatures are indepen-
dently constrained (Lister & Dornsiepen 1982;
Kruhl 1998; Morgan & Law 2004). Studies of
opening angle v. metamorphic temperature under
natural deformation conditions, which were com-
piled by Kruhl (1998), indicate a linear increase
in opening angle with increasing temperature
between 300 and 650 8C. Assuming ‘normal’ strain
rates and hydrolytic weakening conditions, the
opening angle of the quartz c-axis fabric may allow
the temperature of deformation to be estimated.
Opening angles are measured in the plane perpen-
dicular to foliation and parallel to lineation. The
results for all samples measured are summarized in
Figure 10. One caveat to this method of thermometry
is that strain symmetry must be considered. Numeri-
cal simulations of Lister & Hobbs (1980), while
admittedly involving only dislocation creep with no
recystallization, suggest that with all other variables
being equal, samples that fall in the constrictional
field will yield smaller opening angles and sub-
sequently lower temperatures than those in the
plane strain field. Samples in the plane strain field
will also yield smaller opening angles than those in
the flattening field, however the difference appears
to be much smaller than that observed between
constrictional and plane strain samples. The most
sensitive indicator of strain symmetry, the quartz
a-axis fabric, can only be obtained using non-
optical methods such as EBSD and X-ray texture
goniometry.

In the UA-CNF thrust sheet, samples 41474 and
41514 of Dayan (1981) and Law et al. (1984) yield
quartz fabric opening angles of 458 and 498, indicat-
ing deformation temperatures of c. 360 8C and
c. 395 8C, respectively. Sample MT-03-05, which
was also collected from the UA-CNF thrust sheet,

yields an opening angle of 468, indicating defor-
mation temperatures of c. 370 8C. At the base of
the Moine Nappe, sample MT-02-13 yields an
opening angle of 578, indicating an estimated defor-
mation temperature of c. 455 8C. At the top of the
Moine Nappe, in the immediate hanging wall of
the Ben Hope thrust, sample BH-06-01 yields an
opening angle of 638, which suggests deformation
temperatures of c. 505 8C. Thus there is a general
agreement between deformation temperatures
indicated by quartz recrystallization regime (see
above) and quartz c-axis fabric opening angle,
with deformation temperatures increasing from
more foreland to more hinterland positions within
the sequence of thrust nappes.

Strain symmetry analyses: methods

and results

For the quartz-rich mylonites described in this
paper, strain symmetry has been: a) calculated by
Dayan (1981) from quantitative 3D detrital grain
shape analyses and, b) inferred from quartz c- and
a-axis fabric patterns developed in these plastically
deformed and dynamically recrystallized tectonites.
Early theoretical and numerical modelling of crystal
fabric development (Etchecopar 1977; Lister 1977;
Lister et al. 1978; Lister & Patterson 1979; Lister &
Hobbs 1980; Etchecopar & Vasseur 1987; Jessell &
Lister 1990) provides a strong foundation for
anticipated fabric patterns produced by particular
deformation symmetries. A simple set of relation-
ships is predicted between strain symmetry and the
resultant pattern of quartz c- and a-axis fabrics
that develop (Fig. 11; see reviews by Schmid &
Casey 1986; Price 1985; Law et al. 1990). The
kinematic framework controls the geographic
orientation of the preferred fabric, and allows
fabrics formed under a range of deformation sym-
metries (constriction, plane strain, flattening) and
general flow paths (coaxial versus non-coaxial) to
be qualitatively distinguished.

Although universal stage techniques can be uti-
lized to measure quartz LPO fabrics, electron back-
scatter diffraction (EBSD) analysis is becoming
increasingly more common, primarily because it
allows more data to be collected in less time, and
multiple crystal axes as well as multiple phases
can be analysed simultaneously. All but one
sample (BH-06-01) in this study were analysed
using EBSD at the LEMAS (Leeds Electron
Microscopy and Spectroscopy) Centre, University
of Leeds, England using a Camscan Series 4 Scan-
ning Electron Microscope fitted with an HKL/
Oxford Diffraction Channel 5 Imaging System.

One disadvantage of the EBSD method over
optical universal stage analyses is the inability of
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the EBSD cataloguing software to recognize and
distinguish between major microstructural com-
ponents (e.g. relict detrital vs. recrystallized quartz
grains). Thus any EBSD-generated petrofabric will
initially represent a mix of these components.
Further, when examining a sample with a strongly
bimodal size distribution, the fixed step size for
the pattern generating beam (step size for this
study c. 10 microns) causes larger grains to be

counted many times, whereas smaller grains may
only be counted once or possibly not at all. This
will ultimately lead to petrofabric patterns that are
strongly biased by the orientation of the largest
grains in the section. While keeping that in mind,
all reported samples (with the exception of sample
MT-03-05 from the UA-CNF thrust sheet) are
generally completely recrystallized and contain a
broadly unimodal size distribution.
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Fig. 10. Location map of samples used for estimating deformation temperatures using quartz c-axis fabric opening
angles. Standard error is +50 8C. Calibration of opening angle vs. deformation temperature from Kruhl (1998) and
Law et al. (2004). Map modified from British Geological Survey (2002).
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Strain and quartz c- and a-axis fabrics

Orientated samples were collected for EBSD and
optical microscope-based strain symmetry analyses
from each of the three major thrust sheets in the
main thrust belt; these included the Moine and
Creagan thrust sheets at Faraid Head, and the
Moine Nappe exposed along the north Sutherland
Coast. The strain magnitude analyses included
here have previously been reported by Dayan
(1981) and are based on 3D grain shape analyses
of relic detrital quartz grains present in the Eriboll
quartzites of the UA-CNF and Creagan thrust
sheets. All crystal fabric analyses discussed below
were performed on thin sections or polished sections
orientated normal to mesoscopic foliation and paral-
lel to mesoscopic lineation. All quartz c- and a-axis
pole figures are viewed to the NNE, such that

top-to-the-WNW shear sense is indicated by top to
the left fabric asymmetry.

UA-CNF thrust sheet. Sample MT-03-05 (Eriboll
Fm. quartzite) was collected at the northeastern
extent of the most northerly recognized quartzite
lens in the UA-CNF thrust sheet (Fig. 4a). The
Eriboll quartzites in this region contain a quartz
rich matrix that is dominantly composed of rela-
tively large elongate (600–6000 micron long axis)
relict flattened quartz grains surrounded by smaller
recrystallized ‘new’ grains (10–50 micron long
axis). Quartz c-axis fabric analysis of sample
MT-03-05 produced a pattern that is transitional
between a Type I cross girdle of Lister (1977) and
a small circle distribution (cf. Figs 4b & 11;
Schmid & Casey 1986), which is qualitatively
indicative of transitional plane strain to flattening
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Fig. 11. Relationships between strain symmetry and quartz c-axis and a-axis fabrics (for coaxial deformation); c-axis
fabrics represented by fabric skeletons; modified from Schmid & Casey (1986) and Law (1990).
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deformation (1 . k . 0). This strain symmetry
interpretation is supported by the quartz a-axis pat-
tern, which is transitional between a point maxima
and a small circle distribution (cf. Figs 4b & 11).
3D strain analysis of relic detrital grains in quart-
zite samples from the UA-CNF thrust sheet
(Dayan 1981) commonly fall in the plane strain
to flattening field of the Flinn plot (Fig. 4c), inde-
pendently supporting these petrofabric interpret-
ations. Optical quartz c-axis results of Law et al.
(1984) from the UA-CNF thrust sheet yield cross-
girdle (plane strain) c-axis fabric patterns.

Creagan thrust sheet. The Creagan thrust sheet
contains the most extensive exposures of mylonitic
Eriboll Formation quartzite, and quartz veins and
mesoscopic quartz lenses in the Oystershell Rock
provide high quality samples for quartz petrofabric
analysis (Fig. 6b). As such, six Creagan samples
from the main thrust belt and one sample from the
Faraid Head peninsula were analysed using EBSD.
From the main thrust belt, samples MT-02-14,
MT-03-15, MT-03-34, and MT-06-19 yield well
defined asymmetric (top-to-the-west) single girdle
c-axis fabrics and asymmetric (top-to-the-west)
point maxima a-axis fabrics, indicating a strong
non-coaxial component of essentially plane strain
(k ¼ 1) deformation. Sample MT-03-15 yields a
broad point maxima of quartz c-axes that is sub-
parallel to the sample Y-direction, which lies
within the foliation plane and is orthogonal to the
mesoscopic lineation. In contrast, Sample
MT-02-20 is characterized by a weakly developed
c-axis fabric that is transitional between a single
girdle and a small girdle fabric suggesting a
general flattening (1 . k . 0) strain symmetry (cf.
Figs 6b & 11). This interpretation is supported by
3D strain analyses that indicate general flattening
from near the location of sample MT-02-20
(sample 41514; Fig. 6c) in the Creagan thrust
sheet (Dayan 1981). At Faraid Head, sample
MT-06-14 yielded a dominantly asymmetric
(top-to-the-west) c-axis single girdle and an asym-
metric a-axis point maxima (Fig. 7d), indicating
strongly non-coaxial deformation under plane
strains (k ¼ c. 1) conditions.

Moine Nappe. In the Moine Nappe, samples for
EBSD analysis were collected from Faraid Head
(MT-06-09; Fig. 7d), from the main thrust belt
(MT-06-44; Fig. 8b), and along the north coast
between Strathan Bay and Whiten Head (MT-
06-03, MT-06-57, MT-06-60; Fig. 12). Quartz
c-axis petrofabric analysis of sample MT-06-44
yields a point maxima centred in the NW quadrant
of the pole figure. Sample MT-06-57 is characterized
by a Y-axis point maxima. Although it is not clear
what creates the variability of these point maxima

centring orientations, the maxima themselves are
likely the result of deformation under relatively
high temperatures (c. lower amphibolite facies;
Behr 1961; Lister & Dornsiepen 1982; Schmid &
Casey 1986) and allow only limited interpretation
of strain symmetry attributes. Sample MT-06-09
yields an asymmetric single girdle (top-to-the-
west), indicating a significant non-coaxial com-
ponent of plane strain (k ¼ c. 1) deformation in
the Moine Nappe at Faraid Head. Sample MT-
06-03 yields a partial asymmetric single girdle
(top-to-the-WNW) also indicating approximate
plane strain conditions. Sample MT-06-60 has a
c-axis fabric that is transitional between a small
circle and cross-girdle distribution indicating
general flattening (1 . k . 0).

Vorticity analyses: methods

Numerous vorticity analysis techniques are avail-
able, depending on the lithological and microstruc-
tural characteristics of a given sample, including:

† method 1: the rigid grain orientation method of
Wallis et al. (1993);

† method 2: the oblique recrystallized grain/
quartz c-axis fabric method of Wallis (1992,
1995);

† method 3: the Rxz strain ratio/quartz c-axis
fabric method of Wallis (1992, 1995).

Significant variation in the observed lithologies
of mylonites collected in the MTZ and overlying
Moine Nappe allows a number of techniques to be
utilized. The majority of our samples were ideal
for method 1, which is discussed below in detail.
Four samples from the Creagan thrust sheet which
yield quartz c-axis single girdles and oblique grain
shape alignments were deemed applicable for
method 2. Additionally, methods 2 and 3 were uti-
lized with the previously reported data of Law
et al. (1984) to determine Wm values. The analytical
details of methods 2 and 3 are discussed by Law
(2010) and Xypolias et al. (2010).

Rigid grain vorticity analysis is primarily
founded on the assumption that in ductile, non-
coaxial flow, rigid objects rotating in a flowing
ductile matrix will fall into one of two categories;
those which are permanently rotating and those
which reach stable sink positions at high finite
strain (Passchier 1987). The orientation of the long
axis of grains that reach stable sink positions is a
function of their orientation with respect to the
eigenvectors of flow and the instantaneous stretch-
ing axes, as well as the clast axial ratio. Several
rigid grain vorticity analysis techniques are avail-
able, depending on the lithological and micro-
structural characteristics of a given sample. The

J. R. THIGPEN ET AL.640



06-60

06-06

07-67

07-60

06-03

1 km
N

MT-06-60CMT-06-57CMT-06-03C

S L

S

L

S
L

S

L

S
L

S

L

0.4

0.5

0.6

0.7

0.8

0.9

M
ean

 K
in

em
atic V

o
rticity (W

m )0.4

0.5

0.6

0.7

0.8

0.9

0.5, 1, 1.5, ..10.5 times uniform 

0.5, 1, 1.5, ..5.5 times uniform 

0.5, 1, 1.5, ..13 times uniform 

0.5, 1, 1.5, ..3.5 times uniform 

0.5, 1, 1.5, ..15.5 times uniform 

0.5, 1, 1.5, ..5.5 times uniform 

Pipe-rock member

Basal Quartzite member

Moine psammite

Eriboll Formation (mylonitic)

Moine pelite

Strathan conglomerate (Moine)

Lewisianoid basement

Oystershell Rock

Lewisianoid (mylonitic)

Lewisian Complex

Oystershell rock

Moine protolith

Vorticity sample

Strain symmetry sample

06-44
02-17

(a)

(b)

06-57

Fig. 12. (a) Geological map of the north coast transect. Vorticity estimates for each sample are indicated. Modified from
British Geological Survey (1997, 2002). (b) Quartz c- and a-axis fabrics for samples MT-06-03, MT-06-57, and
MT-06-60 obtained using EBSD. Lower hemisphere equal area projections looking to NNE; foliation orientated left to
right (S), lineation (L) horizontal.

DEFORMATION TEMPERATURES, VORTICITY OF FLOW AND STRAIN SYMMETRY 641



lithology of most of our samples (rigid feldspar,
epidote, and opaques in a ductile quartz and phyllo-
silicate matrix) make them ideal for rigid grain vor-
ticity techniques, such as the rigid grain orientation
method of Wallis et al. (1993). The rigid grain
orientation method of Wallis et al. (1993) involves
measurement of both the axial ratio of each rigid
grain (e.g. feldspar, epidote, opaques, etc.) and the
angle between the clast long axis and the macro-
scopic foliation (Figs A1–A5), which is assumed
to be sub-parallel to a flow apophyses. It is also
assumed that the stretching lineation represents the
maximum extension direction (i.e. is orthogonal to
the rotation axis of rigid grains); thus sections ana-
lysed during the course of this study are orientated
parallel to the lineation and perpendicular to the
macroscopic foliation.

Vorticity analyses: results

In the Eriboll region, mylonites of the MTZ and
Moine Nappe were collected from the main thrust
belt along the eastern shores of Loch Eriboll
(Figs 4a, 6a & 8a), along the north coast in the
vicinity of Ben Hutig (Fig. 12), and near Durness
at Sango Bay and Faraid Head, c. 11 km to the
northwest of Loch Eriboll (Fig. 7). Mylonites of
the MTZ are formed from gneiss, phyllosilicate
schist, and quartzite, and are developed within at
least four thrust sheets over a structural depth
range of .1000 m in the Eriboll region. The
results of all vorticity analyses are summarized in
Table 1, and Wallis plots for each sample are
shown in the appendix to this paper (Figs A1–A5).

Upper Arnaboll-Creag na Faoilin thrust sheet:

rigid grain analyses

Orientated samples for vorticity analysis were col-
lected from the UA-CNF thrust sheet along the
main thrust belt from the northeastern shores of
Loch Hope to immediately south of Creag Shom-
hairle (Fig. 4a). In this thrust sheet, 22 samples of
mylonitic Lewisian basement and two samples of
Eriboll Formation quartz mylonite were found
appropriate for the Wallis (1993) rigid grain vorti-
city analysis technique, and the results of those ana-
lyses are shown in Table 1. The Lewisian samples,
which represent the entire along-strike distance
and structural thickness of the UA-CNF thrust
sheet in the Eriboll region (Fig. 4a), yield Wm esti-
mates of 0.47–0.80 (67–40% pure shear). Although
this range of Wm values appears relatively large,
average Wmmin and average Wmmax values fell in
the 0.60 and 0.66 range, and half of the samples
yield Wm estimates ranging from 0.60–0.70
(58–51% pure shear). The two samples of Eriboll

Formation quartz mylonite yield Wm estimates of
0.60–0.66 and 0.53–0.66, with average Wmmin
and average Wmmax values of 0.57 and 0.64
(60–54% pure shear).

Creagan thrust sheet: rigid grain analyses

Creagan samples selected for vorticity analysis were
collected primarily along the main thrust belt on the
eastern side of Loch Eriboll (Fig. 6a) and included
both Oystershell Rock- and Eriboll Formation-
derived mylonites. In the main thrust belt, units of
the Creagan thrust sheet are well exposed and
were sampled extensively; however, due to litho-
logical constraints (units often quartz rich with
few rigid grains), only a limited number of
samples were found to be applicable for rigid
grain vorticity analysis.

Vorticity estimates of samples collected from
the Creagan thrust sheet in the main thrust belt,
which include both Oystershell and Eriboll litholo-
gies, range from 0.52–0.77 (64–43% pure shear).
The structurally lowest samples, MT-06-27 and
MT-03-20, were collected within c. 10 m of the
Creagan thrust, and yield Wm estimates of 0.53–
0.60 and 0.66–0.67, respectively. The structurally
highest samples, MT-03-10 and MT-06-29, which
were collected within c. 20 m of the overlying
Moine Thrust, yield Wm estimates of 0.68–0.72
and 0.60–0.75, respectively.

NE of Loch Hope, limited bedrock exposure in
the subdued topography prevented extensive and
systematic sampling of the Creagan thrust sheet
and adjacent Moine Nappe. One sample of Oyster-
shell Rock (MT-06-06) was obtained from Cnoc an
Uillt Tharsuian (Fig. 12a), and yielded a Wm

estimate of 0.60–0.71. To the north, near the lower
western flanks of Ben Hutig, another sample of
Oystershell (MT-07-67) was collected immediately
west of the mapped position of the Moine Thrust
(Fig. 12a), and yielded a Wm estimate of 0.56–0.62.

At Faraid Head, six samples were collected
along a vertical transect spanning a structural
depth of c. 500 m (Fig. 7b). At the lowest structural
levels, c. 145 and 25 m beneath the Moine Thrust,
two samples of Oystershell rock gave Wm

values of 0.70–0.75 (MT-06-15) and 0.57–0.65
(MT-06-16). The matrix of sample MT-06-15 is
composed of roughly equal proportions of recry-
stallized quartz and phyllosilicate (mostly chlorite,
minor muscovite), and quartz recrystallization is
dominated by grain boundary migration, as indi-
cated by irregular, deeply sutured grain boundaries
and limited zonal or sweeping undulatory extinc-
tion. In contrast, sample MT-06-16 contains
a phyllosilicate-poorer matrix, and though quartz
recrystallization does occur to some degree by
grain boundary migration, zonal extinction in
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Table 1. Method 1 vorticity estimates (Wm) from mylonitic Moine psammite and Lewisianoid basement from
the Moine Nappe and mylonitic Oystershell Rock and Eriboll Formation from the Creagan thrust sheet. Great
Britian (GB) National Grid Coordinates obtained using WAAS (Wide Area Augmentation System) enabled GPS

Sample Unit/lithology Wm GB national grid coordinates

Moine Nappe – Main thrust belt and north coast

MT-07-60C Moine quartz vein 0.63–0.68 NC 53855 65207
MT-02-17C Moine psammite 0.72–0.79 NC 47960 58950
MT-03-13C Lewisianoid 0.56–0.65 NC 45100 57000
MT-03-25C Lewisianoid 0.60–0.65 NC 44075 54165
MT-03-31C Lewisianoid 0.62–0.73 NC 42205 53758
MT-06-37C Moine psammite 0.63–0.70 NC 41446 53133
MT-06-36C Moine psammite 0.56–0.64 NC 41956 52630
MT-06-35C Moine psammite 0.60–0.64 NC 42117 51261
MT-06-34C Moine psammite 0.55–0.62 NC 41421 50652
MT-06-32C Chlorite schist 0.58–0.68 NC 40025 51025
MT-07-30C Moine psammite 0.50–0.60 NC 39672 50359
MT-07-31C Moine psammite 0.67–0.75 NC 39419 50187
MT-07-51C Moine psammite 0.51–0.66 NC 38539 49486
MT-07-50C Moine psammite 0.63–0.76 NC 38772 49141

Moine Nappe – Faraid Head

MT-06-01C Psammite-pelite 0.55–0.63 NC 39080 69920
MT-06-10C Psammite-pelite 0.49–0.60 NC 39041 71215
MT-06-18C Gneiss-pelitic schist 0.78–0.82 NC 38580 70630
MT-02-12C Gneiss-pelitic schist 0.66–0.72 NC 38630 70660

Lochan Riabhach thrust sheet – Main thrust belt and north coast

MT-07-67C Oystershell rock 0.57–0.62 NC 52981 65321
MT-06-06C Oystershell rock 0.60–0.71 NC 54183 66480
MT-03-10C Quartzite 0.68–0.72 NC 45265 57000
MT-03-17C Quartzite 0.52–0.71 NC 44710 56460
MT-03-15C Quartzite 0.60–0.66 NC 44620 56240
MT-03-21C Quartzite 0.68–0.75 NC 44000 55959
MT-03-20C Oystershell rock 0.66–0.67 NC 43898 56000
MT-03-24C Oystershell rock 0.64–0.77 NC 43880 55105
MT-03-28C Oystershell rock 0.63–0.65 NC 42145 54422
MT-06-27C Oystershell rock 0.53–0.60 NC 41171 52463
MT-06-28C Psammite–pelite 0.67–0.75 NC 41270 52425
MT-06-29C Quartzite 0.60-0.75 NC 41270 52425

Lochan Riabhach thrust sheet – Faraid Head/Sango Bay

MT-06-15C Oystershell rock 0.57–0.65 NC 38180 71242
MT-06-16C Lewisian gneiss 0.70–0.75 NC 38058 71325
MT-06-106C Oystershell rock 0.54–0.58 NC 40773 67775
MT-06-107C Oystershell rock 0.60–0.70 NC 40677 67879
MT-06-108C Oystershell rock 0.55–0.66 NC 40738 67849

UA-CNF thrust sheet - Main thrust belt

MT-03-05C Quartzite 0.60–0.66 NC 48480 60670
MT-06-77C Quartzite 0.53–0.63 NC 48243 60467
MT-06-75C Lewisian gneiss 0.54–0.58 NC 47800 60132
MT-03-03C Lewisian gneiss 0.68–0.75 NC 47620 59540
MT-03-07C Lewisian gneiss 0.60–0.66 NC 46540 57830
MT-03-09C Lewisian gneiss 0.68–0.73 NC 46205 57910
MT-03-11C Lewisian gneiss 0.61–0.63 NC 45520 57230
MT-03-19C Lewisian gneiss 0.63–0.68 NC 43620 55660
MT-03-29C (UF) Lewisian gneiss 0.61–0.63 NC 41740 54300
MT-03-33C (UF) Lewisian gneiss 0.60–0.63 NC 41100 53105
MT-06-26C (UF) Lewisian gneiss 0.53–0.62 NC 40850 52545
MT-03-02C (LF) Lewisian gneiss 0.66–0.72 NC 40750 53900

(Continued)
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larger quartz grains suggests the presence of sub-
grain rotation recrystallization, and consequently
may indicate lower deformation temperatures
and/or higher strain rates.

At Sango Bay, three samples of Oystershell
Rock were collected along a vertical transect in
the footwall to the inferred Moine Thrust (Fig. 7c).
Sample MT-06-106, which was collected c. 50 m
structurally beneath Lewisianoid basement inter-
preted to represent the hanging wall of the Moine
Thrust, yielded a Wm estimate of 0.54–0.58.
Samples MT-06-108 and MT-06-107 lie c. 100
and c. 130 m structurally beneath the Moine
Thrust, and yield Wm estimates of 0.55–0.66 and
0.60–0.70, respectively. In the famous outcrops
of Oystershell Rock at Sango Bay, the dominant
shear sense as indicated by asymmetric shear
bands is top-to-the-WNW (Fig. 9e). However, at
sub-mesoscopic scales, all three samples contain
conjugate extensional shear bands localized along
phyllosilicate-rich horizons (Fig. 9f). Although the
top-to-the-WNW shear bands are dominant at the
thin section scale, the presence of antithetic shear
bands also indicates a component of transport-
parallel stretching associated with a significant
component (65–50% indicated by vorticity ana-
lyses) of pure shear deformation (see review by
Kurz & Northrup 2008).

Moine Nappe: rigid grain analyses

Mean kinematic vorticity number (Wm) values of
Moine psammite samples (Fig. 8a) range from
0.50–0.76 (66–43% pure shear). The structurally
highest sample, MT-06-35 was collected c. 600 m
above the Moine Thrust and yields a Wm estimate
of 0.60–0.64. The structurally lowest sample,
MT-07-51, was collected c. 10 m above the Moine
Thrust, and yields a Wm estimate of 0.51–0.66.

Other samples lying between these structural
levels yield broadly similar Wm values, and appear
to indicate, at least to a first approximation, that par-
titioning of simple and pure shear components in
Moine psammite samples is relatively homogenous.
Lewisianoid samples yield Wm estimates ranging
from 0.56–0.79 (62–41% pure shear). With the
possible exception of sample MT-02-17, all
samples yield Wm estimates that are roughly equiv-
alent to Moine psammite samples at similar
structural levels.

In the Moine Nappe at Faraid Head, two samples
of mylonitic Lewisianoid basement were collected
from an outcrop c. 180 m above the Moine Thrust
(Fig. 7a, b). Sample MT-02-12 yields a Wm estimate
of 0.66–0.72, whereas sample MT-06-18 yields a
Wm estimate of 0.78–0.82. Both samples are com-
posed mostly of feldspar and opaque minerals in a
dominantly recrystallized quartz and phyllosilicate
matrix. Moine psammite samples MT-06-10 and
MT-06-01 were collected at c. 265 m and c. 350 m
structurally above the Moine Thrust, and yield
Wm estimates of 0.49–0.60 and 0.55–0.63, res-
pectively. Although c. 15 samples were collected
from the Moine Nappe along the north coast transect
and along the high ridge of Ben Hutig (Fig. 12a),
only one sample (MT-07-60) proved to be appro-
priate for rigid grain vorticity techniques. The
sample, a quartzofeldspathic Moine psammite,
yielded a Wm estimate of 0.63–0.69.

Rigid grain vorticity analysis summary

The two sections exposed in the main thrust belt east
of Loch Eriboll and near Durness are interpreted to
represent different crustal levels of the MTZ.
However, bulk similarities are still recognized
between these zones. At the lowest structural
levels east of Loch Eriboll, including the north

Table 1. Continued

Sample Unit/lithology Wm GB national grid coordinates

MT-06-24C (LF) Lewisian gneiss 0.72–0.80 NC 40205 52670
MT-06-31C Lewisian gneiss 0.67–0.77 NC 40100 51475
MT-06-30C Lewisian gneiss 0.60–0.72 NC 39850 51500
MT-07-25C Psammite 0.60–0.72 NC 39865 51170
MT-07-26C Psammite 0.57–0.60 NC 39824 51097
MT-07-27C Psammite 0.53–0.57 NC 39809 51080
MT-07-28C Qtz-rich psammite 0.55–0.62 NC 39695 50860
MT-07-32C Psammite 0.53–0.62 NC 39165 50125
MT-07-52C Lewisian gneiss 0.57–0.68 NC 38423 49424
MT-07-47C Lewisian gneiss 0.47–0.56 NC 38313 49078
MT-07-48C Lewisian gneiss 0.64–0.68 NC 38313 49078
MT-07-49C Lewisian gneiss 0.71–0.75 NC 38461 49083

For vorticity results: range of Wm values reflect uncertainty in determining critical rigid grain aspect ratio (Rc) – see Figs A1–A5.
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coast samples, Lewisian and Eriboll Formation
samples yielded arithmetic mean minimum
(Wmmin) and arithmetic mean maximum (Wmmax)
values of 0.60–0.67 and 0.57–0.65, respectively
(Fig. 11). In the Creagan thrust sheet, Oystershell
and Eriboll Formation quartzite samples yielded
Wmmin and Wmmax values of 0.61–0.67 and
0.63–0.72. At the highest structural levels east of
Loch Eriboll, Lewisianoid basement and Moine
psammite samples yield Wmmin and Wmmax
values of 0.63–0.71 and 0.59–0.67. Samples from
Faraid Head and Sango Bay (Fig. 13), which are
interpreted to represent shallower (up transport)
crustal levels, yield Wmmin and Wmmax values of
0.59–0.67 (Oystershell Rock-Creagan thrust
sheet), 0.72–0.77 (Lewisianoid basement-Moine
Nappe), and 0.52–0.62 (Moine psammite-Moine
Nappe).

Vorticity analysis using methods 2 and 3

Although the majority of our samples were analysed
using method 1 rigid grain techniques, some of

our samples were also found to be suitable for
vorticity analysis using methods 2 and 3 (Wallis
1992, 1995) which use the quartz c-axis fabric
skeleton combined with either data on obliquity
between foliation and dynamically recrystallized
grains (method 2) or Rxz strain data (method 3)
reported by Dayan (1981) and Law et al. (1984).

Using method 2, samples MT-03-34, MT-06-19,
MT-02-14 and MT-03-06 from the Creagan thrust
sheet (Fig. 6) yield Wm estimates of 0.93, 1.00,
0.99 and 0.99, respectively (752.95% simple
shear). Sample MT-06-14 from the Lewisian at
Faraid Head (Fig. 7) yields a Wm estimate of 0.99.
These vorticity estimates are significantly higher
than those obtained from method 1 rigid grain
analyses in the Loch Eriboll region (see above)
and may indicate that the method 2 results reflect
only the last increments of deformation, while the
method 1 results reflect an averaging of flow
vorticities over a longer part of the strain history.
Using method 3, samples 41502, 41501 and 41513
of Dayan (1981) and Law et al. (1984) from
the UA-CF thrust sheet (Fig. 4) yield Wm estimates

Mean Kinematic Vorticity (Wm)

Mean Kinematic Vorticity (Wm)
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Fig. 13. Summary of vorticity estimates obtained by this study using the method 1 rigid grain technique. Vorticity
estimates are arithmetic mean minimum and arithmetic mean maximum values for each lithology within each
thrust sheet.
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of 0.20–0.30, 0.40–0.50, 0.45–0.55 and 0.45–
0.50, respectively (85–63% pure shear). These
vorticity estimates are significantly lower than Wm

estimates obtained from method 1 rigid grain
analyses. Analysis and discussion of the likely
significance of these differences in Wm estimates
obtained from the three techniques will form the
subject of a separate paper.

UA-CNF strain magnitude, shortening,

and extrusion estimates

Wallis et al. (1993) proposed an analytical solution
for determining shortening perpendicular and par-
allel to the flow plane by integrating estimated
strain magnitude and vorticity values (Fig. 14a).
Although suitable strain markers were not observed
in the Moine and Creagan thrust sheets, relict
detrital quartz grains preserved in Eriboll For-
mation and Lewisian mylonites of the UA-CNF
thrust sheets allowed Dayan (1981) to estimate
strain magnitude. At the northeastern extent of
the UA-CNF thrust sheet, these strain estimates
were combined with our Wm estimates from
nearby (,100 m apart) localities to produce per-
centage shortening and transport direction-parallel
extension values. Shortening perpendicular to the
gently dipping UA-CNF thrust sheet (i.e. shear
zone boundaries) near Loch Hope ranges from
35–55% (Table 2). Although plane strain is com-
monly assumed in thrust zones, 3D strain analyses
(Dayan 1981) and the small circle distribution of
a quartz c-axis fabrics produced by this study
indicate that a flattening deformation symmetry
may be more appropriate for samples MT-03-05,
MT-06-77, and MT-06-75 from the UA-CNF
thrust sheet. Flattening strains inherently indicate
extension in the Y-direction (along orogenic
strike) and thus will decrease the amount of linea-
tion parallel extension (extrusion) accordingly,
unless compensated for by processes such as
volume loss. Integration of our vorticity data with
the strain data of Dayan (1981) indicates transport
parallel extension of 22–94%, once adjusted for
along-strike stretching parallel to Y (Fig. 14,
Table 2). Using a similar integration of vorticity
and 3D strain data, Law (2010) estimated horizon-
tal transport-parallel stretching in the 100–130%
range for mylonites in the footwall to the Moine
Thrust at the Stack of Glencoul in northern
Assynt. It should be noted, however, that estimated
values of transport/lineation parallel stretching
are extremely sensitive to both small changes in
values of shear zone perpendicular shortening
(vertical axis in Fig. 14b) and along-strike stretch-
ing used in calculating transport parallel stretch
values.

Discussion

Lithological vorticity partitioning

Samples from the Moine Nappe yield arithmetic
mean minimum and mean maximum Wm values of
0.59–0.67 within Moine psammites and 0.63–
0.71 in Lewisianoid units. Structurally lower, in
the Creagan thrust sheet, the mean minimum and
mean maximum Wm estimates for Oystershell
Rock units (10 samples) is 0.61–0.67, whereas
Eriboll Formation quartz mylonites (6 samples)
from the same thrust sheet yield mean minimum
and mean maximum Wm estimates of 0.63–0.72.
At the lowest structural levels, samples of Lewisian
mylonite (22 samples) from the UA-CNF thrust
sheet yield mean minimum and maximum Wm

estimates of 0.60–0.67, and Eriboll Formation
quartz mylonites (2 samples) have mean minimum
and mean maximum Wm estimates of 0.57–0.65.
Within analytical error, vorticity estimates for
samples from the Moine Nappe, Creagan thrust
sheet, and UA-CNF thrust sheet in the main thrust
belt are virtually indistinguishable, which seems
to indicate, at least to a first order approximation,
that any vorticity partitioning occurring cannot be
directly linked to lithology.

NW of the main thrust belt at Faraid Head,
Moine psammite (2 samples) and Lewisianoid
basement (1 sample) from the Moine Nappe yields
arithmetic mean minimum and maximum Wm esti-
mates of 0.52–0.62 and 0.66–0.72, respectively
(Fig. 7a). Structurally beneath the Moine Thrust
at Faraid Head and Sango Bay, Oystershell Rock
(five samples) yields mean minimum and mean
maximum Wm estimates of 0.59–0.67. Much like
the trends observed in the main thrust belt,
Moine and Oystershell samples yield similar Wm

estimates.
Lister & Williams (1983) suggested that sub-

simple shear tends to concentrate in less competent
units while more general shear (i.e. greater pure
shear) should be focused in more competent units.
More specifically, they proposed that flow parti-
tioning effects should be expected when shear
zone material is heterogenous, when significant
competency contrasts or discontinuities exist, or
where planar anisotropies are well-developed. In
the case of samples from the MTZ, most samples
(Eriboll, Lewisian, Moine) are composed domi-
nantly of rigid feldspars within a ductile quartz
and minor phyllosilicate matrix, the only exception
being phyllosilicate-rich Oystershell Rock. Thus,
the Oystershell is generally considered to represent
the least competent unit in the MTZ. However Oys-
tershell samples do not yield Wm estimates that are
notably higher than other MTZ units at similar
structural positions. We therefore conclude that
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flow partitioning in the MTZ cannot simply be the
result of lithological variation.

Deformation temperatures: potential

influence on vorticity partitioning

As previously discussed, temperatures of defor-
mation were calculated for individual samples in
the UA-CNF, Creagan and Moine Thrust sheets by
utilizing quartz petrofabric opening angles (Kruhl
et al. 1998; Fig. 10) and quartz recrystalliza-
tion mechanisms (Stipp et al. 2002a, b). Based on
changes in quartz recrystallization mechanisms
(GBB to SGR to GBM) and increases in quartz
c-axis opening angles, deformation temperatures
clearly show a significant increase traced from
the structurally lower to structurally higher levels
in the MTZ. On a broad scale, deformation tempera-
tures increase from a minimum estimated tempera-
ture of c. 345 8C immediately above the UA-CNF
thrust to .500 8C in structurally higher levels of
the Moine Nappe, yet arithmetic mean Wmmin and
Wmmax estimates of the UA-CNF (0.60–0.67),
Creagan (0.61–0.69) and Moine (0.60–0.68)
thrust sheets are virtually identical. Five individual
samples collected in the UA-CNF and Moine
Thrust sheets span a deformation temperature
range of c. 370–510 8C, and reveal Wm estimates
with increasing temperature of 0.60–0.66, 0.54–
0.58, 0.53–0.63, 0.60–0.65 and 0.63–0.76, which
we interpret as showing no obvious deformation
temperature-driven Wm partitioning effect.

Vorticity partitioning at the thrust zone and

orogenic wedge scale

If the upper ductile MTZ and overlying Moine
Nappe were considered as extruding sheets, it
would be expected that significant variation in Wm

estimates should be observed at different structural
levels. Averaged minimum and maximum Wm

values from each thrust sheet within the MTZ are
virtually indistinguishable, within analytical error.
These results appear to indicate that at the scale
of the entire thrust zone, pure and simple shear
components of deformation, including extrusive
flow, were likely homogenously-distributed at all
broad structural levels. The average minimum
and average maximum Wm values for all samples
analysed in this study are 0.61–0.68, suggesting
that there was a significant component of pure
shear (58–52%) involved in ductile deformation.
While only speculative at this point, the high
degree of pure shear in the MTZ as a whole may
be related to its structural position at the bottom of
the Scandian orogenic wedge.

Are Wm estimates a reflection of natural

conditions or artifacts of the analytical

technique?

The remarkable similarity of arithmetic mean mini-
mum and mean maximum Wm estimates obtained
from MTZ and overlying Moine Nappe samples
could indicate that these results are simply the
product of the analytical technique and do not
reflect ‘real’ variation under natural conditions. Put
simply, do Wm estimates reflect vorticity of flow
under natural conditions or are these similarities
merely an artifact of the rigid grain technique?
Firstly, it is worth noting that significant variation
in calculated rigid grain Wm estimates is observed
from numerous investigations spanning a number
of tectonic settings. In the Himalaya, Law et al.
(2004) reported rigid grain Wm estimates of 0.67–
0.85 and Jessup et al. (2006) reported rigid grain
Wm values of 0.57–0.91, and both data sets are
interpreted to result largely from variations in

Table 2. Shortening and extrusion estimates obtained from integrated strain and vorticity data. All analyses
assume plane strain deformation. Sample locations shown in Figure 4

Wm sample strain sample Wm RXZ* S S21

MT-03-05 41501 0.60 3.839 0.576 1.735
MT-03-05 41501 0.66 3.839 0.594 1.683
MT-06-77 41502 0.53 2.782 0.645 1.551
MT-06-77 41502 0.63 2.782 0.668 1.497
MT-06-75 41506 0.54 6.208 0.452 2.211
MT-06-75 41506 0.58 6.208 0.462 2.165
MT-03-03 41513 0.68 4.908 0.544 1.838
MT-03-03 41513 0.75 4.908 0.574 1.741

For vorticity results: range of Wm values reflect uncertainty in determining critical rigid grain aspect ratio (Rc) – see Supplementary
Material. Estimates shown are based on Rf/f analysis of deformed detrital quartz grain shapes in three mutually perpendicular thin sec-
tions cut orthogonal to foliation and lineation, using software packages by Kanagawa (1992) and Chew (2003). Estimated stretches parallel
to principal strain directions assume constant volume deformation. For details of strain analyses see Dayan (1981).
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lithology and structural position. In the Virginia
Piedmont of the central Appalachians, Bailey
et al. (2007) reported rigid grain Wm estimates of
0.72–0.93 from mylonitic basement gneisses and
Xypolias et al. (2010) report rigid grain Wm esti-
mates of 0.50–0.94 from the Hellenides of
Greece. Finally, Law (2010) reported rigid grain
Wm estimates of 0.61–0.82 from the Stack of Glen-
coul, c. 40 km south of our study area. Whilst these
results do not provide a definitive solution to our
earlier question, it does suggest that variations in
flow vorticity driven by natural conditions probably
exist. Secondly, the rigid grain technique utilized in
this study yields a significant range of Wm estimates
(0.47–0.82).

Finally, it is possible that significant changes in
mean minimum and mean maximim Wm estimates
are not observed in the MTZ due to the relatively
small scale of the thrust sheets analysed. In the
Everest region, a systematic decrease in Wm with
increasing depth has been reported across of the
Greater Himalayan Sequence (GHS; Law et al.
2004; Jessup et al. 2006). There, near the top of
the GHS, Wm estimates reveal a gradual decrease
from 0.87–0.89 to 0.72–0.76 over a structural
depth of c. 3500 m (Jessup et al. 2006, fig. 11b), a
structural distance three times greater than the
total structural thickness of the MTZ. More signifi-
cant changes, from 0.87–0.89 at the top of the GHS
to 0.67–0.72 near the bottom, are observed over a
structural thickness of c. 30 km. Thus, we propose
that in the absence of significant thermal or litho-
logical controls for flow partitioning, the pure
shear contribution imparted upon these samples is
likely a result of lithostatic pressure due to over-
burden. However, changes in flow vorticity due to
increasing/decreasing lithostatic pressure may not
be recognizable at the scale of the MTZ (c. 1 km
total structural thickness).

Displacement estimates and reconstruction

of the upper MTZ and Moine and Ben

Hope nappes

Based on field data and estimated deformation con-
ditions, the upper ductile MTZ can be schematically
restored and minimum displacement estimates for
each of the major ductile thrusts obtained by
making a number of fundamental assumptions on
the structural and thermal geometry of the thrust
zone. In this primitive tectonic model (Fig. 15), iso-
therms are assumed to be horizontal, with an
average geothermal gradient of c. 25 8C/km. The
three major thrusts (UA-CNF, Creagan, Moine)
are assigned an average dip of c. 108 based on
field measurements and mapped exposure patterns,
and the Ben Hope thrust is assigned an average

dip of c. 208 based on the mapped pattern of expo-
sure at and to the northeast of Ben Hope. Incor-
poration of these assumptions with previously
discussed petrographic observations and tempera-
tures of deformation obtained from microstructures
and quartz c-axis fabric opening angles allows rela-
tive displacement magnitudes to be determined
between the MTZ thrust sheets. Estimates are
shown in Figure 15 and are discussed below in
detail. These estimates are based on the assumption
that strain rates remained relatively constant across
all major thrust sheets.

At the structurally lowest levels of the ductile
MTZ, the mimimum displacement between rocks
of the foreland (maximum temperature of
c. 280 8C) and the UA-CNF thrust sheet (360–
400 8C) ranges from 20–26 km (displacement
vector 1) in the southern Eriboll region (Fig. 15).
To the north, displacement between the foreland
and the UA-CNF thrust sheet is estimated to be
approximately the same; however the Arnaboll
thrust must have accommodated some percentage
of the total shortening. Displacement between
sample MT-06-14 (c. 380–390 8C) in the Creagan
thrust sheet at Faraid Head and sample 41474
(c. 3608) in the UA-CNF thrust sheet is estimated
at c. 21 km (displacement vector 2 – Creagan
thrust), of which c. 11 km is derived from displace-
ment estimates between the main thrust belt and the
outlying fault zone at Faraid Head (Peach et al.
1888). Sample MT-06-18 exhibits deformation
conditions transitional between SGR and GBM
recrystallization (Fig. 15d), and as such indicates
a minimum deformation temperature of c. 500 8C.
Thus, given the above assumptions, minimum dis-
placement on the Moine Thrust between
MT-06-18 and MT-06-14 at Faraid Head is calcu-
lated to be c. 29 km (displacement vector 3).
Sample MT-07-60 from the Moine Nappe exhibits
ubiquitous GBM recrystallization (Fig. 15e), indica-
tive of deformation temperatures of at least c.
520 8C. The minimum displacement on the Moine
Thrust between MT-07-60 and MT-06-18 is calcu-
lated to be c. 10 km based on the thermal offset (dis-
placement vector 4) and c. 11 km based on map
relationships (transport distance between Faraid
Head and the Moine Thrust east of Loch Eriboll).
Knipe (1990) estimated similar displacement esti-
mates of 17–45 km for the ductile Moine Thrust
in the Assynt region based on thermal structure.

Vertical ductile thinning across thrust

zones during collisional orogenesis

As pointed out by Ring & Kassem (2007), num-
erous quantitative strain studies suggest that sub-
horizontal foliations that are commonly recorded
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in most orogenic belts cannot form by simple shear
alone during thrusting. Instead, these fabrics are
interpreted to form under conditions involving a sig-
nificant pure shear component. This pure shear con-
tribution, if present, should lead to significant
vertical ductile thinning during nappe stacking. In
the UA-CNF thrust sheet, integrated strain and vor-
ticity estimates suggest vertical ductile thinning of
35–55% in the Loch Eriboll region. South of Loch
Eriboll at the Stack of Glencoul, integrated strain
and vorticity estimates indicate flow plane orthog-
onal shortening of 50–75% in an along strike equiv-
alent UA-CNF thrust sheet (Law 2010). Although
quantitative strain magnitude data could not be
obtained from the structurally overlying Creagan
and Moine Thrust sheets due to the absence of suit-
able strain markers, there are no qualitative indi-
cations that strain magnitude in these rocks is
significantly lower than that observed in the
UA-CNF thrust sheet. Vorticity estimates across
the three thrust sheets are also observed to be rela-
tively constant (arithmetic mean minimum and
maximum Wm values of 0.59–0.66, 0.62–0.70,
and 0.61–0.69 in the UA-CNF, Creagan, and
Moine Thrust sheets, respectively). By integrating
a representative arithmetic mean Wm range of
0.61–0.69 with the assumption of a relatively con-
stant strain magnitude across the entire structural
thickness of the MTZ (c. 1000 m including the
UA-CNF, Creagan, and lowermost Moine Nappe),
vertical ductile thinning of up to c. 500 m may have
occurred. If these assumptions are applied to the
entire structural thickness of the Moine Nappe
(c. 4000 m), vertical ductile thinning of up to

c. 2000 m may be indicated. This speculation of
course assumes that exhumation is driven only by
vertical ductile thinning, which is an unlikely scen-
ario. As pointed out by Feehan & Brandon (1999),
as a wedge becomes progressively thinner, vertical
ductile thinning contributes less to the overall exhu-
mation and processes such as normal faulting and
erosion become increasingly important.

Implications for extrusive flow. In the UA-CNF
thrust sheet, the relatively large component
(c. 35–55%) of sub-vertical thrust sheet perpen-
dicular shortening that occurred during Caledonian
nappe stacking likely resulted in significant tran-
sport sub-parallel ductile extrusion of material. In
the absence of substantial volume loss, which may
be a reasonable assumption in the middle crust
where deformation is dominated by constant
volume crystal plasticity, this shortening and extru-
sion should result in significant transport-parallel
lengthening of the thrust sheets. Williams et al.
(2006) have pointed out that in zones of extrusive
flow in which extrusion occurs in one direction
from a point source, the relative magnitude of extru-
sion should increase exponentially in the transport
direction (Fig. 16). This geometric consquence
should lead to increasing strain rates and thus
changes in deformation mechanisms at higher
crustal levels traced towards the foreland. Further,
extrusive flow towards the syn-orogenic topographic
surface must be accommodated by structures at
shallower levels. Also, along strike variations in
extrusive flow at mid-crustal levels could be respon-
sible for observed variations in displacement

origin

Fig. 16. Schematic diagrams illustrating increase in magnitude of lateral translation associated with a pure shear driven
extrusion traced outward from the origin of extrusion. Modified from Williams et al. (2006).

Fig. 15. (Continued) Vector 1 – 20–26 km displacement between UA-CNF thrust sheet sample MT-03-05 and
minimum temperature of brittle deformation in foreland. Vector 2 – c. 21 km displacement between Creagan thrust
sheet samples at Faraid Head and the main thrust belt. Vector 3 – c. 29 km displacement between Faraid Head samples
MT-06-18 in the Moine Nappe and MT-06-14 in the Creagan thrust sheet. Vector 4 – c. 11 km displacement between
Moine Nappe samples MT-06-18 at Faraid Head and MT-07-60 in the main thrust belt. (b) Quartz microstructure of
sample MT-06-77 dominated by subgrain rotation recrystallization (SGR) indicated by large relict detrital grains
surrounded by smaller recrystallized grains (i.e. core and mantle structure). (c) Subgrain rotation recrystallization
dominated quartz deformation in sample MT-06-14 from Faraid Head (viewed towards the south). (d) Quartz
deformation transitional between SGR and grain boundary migration (GBM) in sample MT-06-18, indicative of
temperatures of 490–520 8C (Stipp et al. 2002a, b). (e) Quartz deformation dominated by GBM, as indicated by large
recrystallized, generally strain free grains with seriate grain boundaries. (f) Sample BH-06-01, which is dominated by
GBM recrystallization and exhibits the largest grain size of all samples, lies at the structurally highest position in the
Ben Hope region.
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associated with brittle faulting and folding occurring
in the foreland parts of orogenic systems.

Conclusion

Detailed vorticity, strain symmetry, and defor-
mation temperature investigations have promoted
an increased understanding of kinematic evolution
at the foreland-hinterland transition zone of the
MTZ and overlying Moine Nappe. In the upper
MTZ and overlying Moine Nappe, vorticity esti-
mates obtained from the three major ductile thrust
sheets (UA-CNF, Creagan, Moine) indicate the
presence of a significant pure shear contribution
during ductile Scandian deformation and thrust
sheet emplacement. At the lowest structural levels,
quartzite and gneiss in the Upper Arnaboll-Creag
na Faoilin (UA-CNF) thrust sheet yield rigid grain-
based arithmetic mean minimum (Wmmin) and
mean maximum (Wmmax) vorticity estimates of
0.57 and 0.67, respectively (60–53% pure shear).
Creagan thrust sheet mylonites yield Wmmin and
Wmmax estimates of 0.59 and 0.72 (59–48% pure
shear). At the highest structural levels, Moine
Nappe mylonites yield Wmmin and Wmmax esti-
mates of 0.59 and 0.71 (59–49% pure shear).
Although flow partitioning does occur within these
rocks, it appears to result from a complex interplay
of numerous variables, including but certainly not

limited to lithology, deformation temperature, and
both local and regional structural architecture.
Integration of vorticity and 3D strain magnitude
estimates indicate foliation normal shortening of
35–55%, transport-parallel thrust sheet lengthen-
ing of 22–94%, and orogen-parallel stretching of
0–20%. Quartz c- and a-axis fabrics qualitatively
indicate an increase in non-coaxial deformation
traced towards structurally higher levels. This pro-
gessive change is accompanied by deformation
temperature increases from 300–385 8C in the UA-
CNF thrust sheet to .550 8C in the Ben Hope
thrust sheet. The relatively large component of pure
shear observed across the MTZ and overlying
Moine Nappe may indicate significant foliation
normal shortening has occurred as nappe stacking
progressed. In the absence of significant volume
loss, this should lead to material transport towards
the synorogenic topographic surface and/or along
strike.
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Appendix: rigid grain data plots for the 59 samples used for vorticity analysis.

(See Figs A1–A5, pp. 653–657).
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Fig. A1. Rigid grain vorticity plots (Wallis 1993) of samples from the Moine Nappe. Positive and negative angles between clast long axis and foliation indicates clasts inclined
towards (top to the west) or against the dominant shear sense, respectively.
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Fig. A2. Rigid grain vorticity plots (Wallis 1993) of samples from the Moine Nappe and Creagan thrust sheet. Positive and negative angles between clast long axis and foliation
indicates clasts inclined towards (top to the west) or against the dominant shear sense, respectively.
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Fig. A3. Rigid grain vorticity plots (Wallis 1993) of samples from the UA-CNF thrust sheet. Positive and negative angles between clast long axis and foliation indicates clasts
inclined towards (top to the west) or against the dominant shear sense, respectively.
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Fig. A4. Rigid grain vorticity plots (Wallis 1993) of samples from the Creagan and UA-CNF thrust sheets. Positive and negative angles between clast long axis and foliation
indicates clasts inclined towards (top to the west) or against the dominant shear sense, respectively.
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Fig. A5. Rigid grain vorticity plots (Wallis 1993) of samples from the UA-CNF thrust sheet. Positive and negative angles between clast long axis and foliation indicates clasts
inclined towards (top to the west) or against the dominant shear sense, respectively.
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Abstract: Electron back-scatter diffraction (EBSD) was used to measure the crystal preferred
orientations (CPOs) from 101 samples across the ultrahigh-pressure Western Gneiss region of
Norway to assess slip systems, sense of shear, CPO strength, and strain geometry. The CPOs
suggest a dominance of prism kal slip, with lesser amounts of prism [c] slip and basal kal slip;
there are few Type I and Type II girdles. The major structural feature in the study area – the
high-strain, top-W, normal-sense Nordfjord–Sogn Detachment Zone – is characterized by asym-
metric and strong CPOs; an eastern domain with strong asymmetric CPOs shows top-E shear.
Strain throughout the study area was characterized by a mix of plane strain and constriction
with no evidence of flattening. Adjacent gneiss and quartzite/vein samples have similar CPOs.

Dislocation creep can produce crystal preferred
orientations (CPOs) because the difference between
vorticity imposed on a crystal by deformation and
the vorticity produced by dislocation glide is
balanced by rotation of the crystal lattice (Taylor
1938; Lister 1982). The CPO that results is a func-
tion of factors such as the active deformation mech-
anisms (including dislocation slip systems), strain
magnitude, rate of recrystallization, and strain
geometry. As such, the CPOs of minerals, in par-
ticular, quartz, calcite, and olivine, can be used to
deconvolve some of these factors and reconstruct
the deformation of naturally deformed rocks.

Much emphasis has been placed on understand-
ing and interpreting quartz CPOs because of the
abundance of quartz in the continental crust. The
most important slip systems in quartz are basal
(0001) kal slip, prism {10 1̄ 0} kal slip, positive
rhomb {10 1̄ 1} kal slip, negative rhomb {01 1̄ 1}
kal slip, prism {10 1̄ 0} [c] slip, and Dauphiné twin-
ning (Christie et al. 1964; Baëta & Ashbee 1969;
Blacic & Christie 1984; Linker et al. 1984; Lloyd
2004). Activation of these slip systems is tempera-
ture dependent such that basal kal glide at low temp-
eratures gives way to prism kal slip with increasing
temperature, and eventually, to dominant prism [c]
slip (Blacic 1975; Blumenfeld et al. 1986). Assum-
ing that the slip plane rotates toward the shear plane
and that the slip direction rotates toward the shear
direction of an imposed deformation, the activity

of that slip system can be inferred from a CPO.
This assumption is unjustified in general, however,
because crystals are constrained by neighbouring
grains and multiple slip-systems are typically
active simultaneously (Lister et al. 1978; Lister &
Hobbs 1980; Wenk et al. 1989; Wenk & Christie
1991; Casey & McGrew 1999). Instead, CPOs
reflect variations in the rates of lattice rotation,
with slow rates of rotation forming maxima (Wenk
& Christie 1991).

Progressive strain of a polycrystal leads to
progressive rotation of the crystal lattices and,
therefore, to a relationship between strain magni-
tude and CPO strength (Lister et al. 1978); this
relationship has been demonstrated in both exper-
imentally and naturally deformed rocks
(Marjoribanks 1976; Bouchez 1977; Carreras et al.
1977; Miller & Christie 1981; Law 1986;
Dell’Angelo & Tullis 1989; Heilbronner & Tullis
2006). Other factors that influence CPO strength
include the particular slip systems that are active,
the activity of other deformation mechanisms, the
rate of recrystallization, the presence of other
phases and variations in strain path (e.g. Knipe &
Law 1987; Casey & McGrew 1999). Also, CPO
strength is expected to reach a steady state,
beyond which further strain will not be recorded
(Wenk & Christie 1991).

Quartz CPOs in experimentally deformed rocks
(Tullis et al. 1973), naturally deformed rocks

From: LAW, R. D., BUTLER, R. W. H., HOLDSWORTH, R. E., KRABBENDAM, M. & STRACHAN, R. A. (eds) Continental
Tectonics and Mountain Building: The Legacy of Peach and Horne. Geological Society, London, Special Publications,
335, 663–685. DOI: 10.1144/SP335.27 0305-8719/10/$15.00 # The Geological Society of London 2010.



(Bouchez et al. 1983) and simulated rocks (Lister
et al. 1978; Wenk et al. 1989) can reflect whether
the imposed strain was coaxial or non-coaxial. This
relationship has been exploited to infer the sense of
shear in naturally deformed rocks, by using the
sense of asymmetry between the flow plane inferred
from the CPO skeleton and the flattening plane
defined by the foliation (Behrmann & Platt 1982).
This techniques is expected to be inaccurate, to
some degree, because the relationship between the
CPO skeleton and the kinematic framework is
likely to be more complex than assumed (Wenk &
Christie 1991).

Quartz CPOs in experimentally (Dell’Angelo &
Tullis 1989; Heilbronner & Tullis 2006) and natu-
rally (Price 1985; Law 1986) deformed rocks have
been shown to depend on strain geometry or distor-
tion; simulations have also shown a dependence
of CPOs on strain geometry (Lister et al. 1978;
Bascou et al. 2002). In favourable circumstances
the reverse relationship – using quartz CPOs to
determine strain geometry or distortion – can be
exploited (Schmid & Casey 1986). If one makes
the simplifying assumption that principal slip planes
rotate until they are parallel to the shear plane and
slip directions rotate parallel to the shear direction,
a CPO that results from plane strain should have
the form of a single crystal if only one slip system
is active (Fig. 1). During pure flattening, slip
planes rotate away from the shortening direction and
the absence of a unique extension direction means
that the slip directions are dispersed evenly; thus,
the slip directions define a girdle if only one slip
system is active (Fig. 1). Conversely, during pure
constriction, the slip directions become aligned and
the absence of a unique flattening plane means that
the slip planes are dispersed evenly; thus, the poles
to the slip planes define a girdle if only one slip sys-
tem is active (Fig. 1). Actual CPOs are, of course,
more complex for the reasons outlined above.

Purpose and analytical methods

The main purpose of this study is to semi-
quantitatively assess strain geometry (i.e. the
degree to which the strain deviated from plane strain
toward flattening or constriction) using a large
quartz CPO dataset. The same data are also used
to assess active slip systems, CPO strength and
sense of shear. The samples are mostly quartzofelds-
pathic gneisses, quartzites, and quartz veins from
the Western Gneiss region of Norway deformed
at chiefly amphibolite-facies conditions. The CPO
data were collected from X–Z thin sections (i.e.
perpendicular to foliation and parallel to lineation)
by electron back-scatter diffraction (EBSD) using
a JEOL JSM-6300V digital SEM coupled with a
HKL Nordlys EBSD camera and Channel 5

software. To create a CPO, the processed data
were reduced to one point per grain, using a 158 mis-
orientation to define grain boundaries. Pole figures
of quartz [c] and kal axes were created and con-
toured using the PFch5 software (Mainprice 2005).

The modal proportions of quartz, feldspar, and
‘other’ phases were determined from the area pro-
portions of phases indexed during the EBSD measu-
rements. These values were rounded to the nearest
5% to indicate their probable accuracy at the
thin-section scale.

The orientations of the CPO eigenvectors (Ulrich
& Mainprice 2005) define the orientation of the
CPO skeleton. The asymmetry of the CPO skeleton
with respect to the rock foliation and lineation was
used to determine sense of shear (Behrmann &
Platt 1982). The validity of this method hinges on
the assumptions that: i) the preferred glide plane
is sufficiently close to the shear plane that the
apparent sense of shear is not reversed; and ii) the
strain that produced the CPO and the strain that
produced the foliation were not sufficiently different
to give the wrong sense of shear.

To assess CPO strength we use the J index
(Bunge 1982) for the c-axes and a-axis fabrics. To
determine strain geometry, we use the basic pre-
cepts implied by Lister et al. (1978) and expanded
upon by Price (1985) (Fig. 1), inferring that the
CPO skeleton reflects the strain geometry and the
active slip systems. For example, deformation
solely by prism kal slip is expected to produce a
c-axis maximum during simple shear plane strain,
a c-axis girdle in the X–Y plane during flattening,
and a c-axis girdle in the Y–Z plane during constric-
tion. In this view, the extent that a given c-axis dis-
tribution falls between a maximum and a girdle can
be used to determine the extent to which the strain
was a mixture of plane strain and constriction.
This determination can never be more than semi-
quantitative, for many reasons alluded to above,
not the least of which are that slip systems and
strains vary from grain to grain in rocks. Of particu-
lar relevance to amphibolite-facies deformation of
quartz is that kal pencil glide can occur along a com-
bination of basal, prism and rhomb planes; if these
slip systems are active in concert, even plane
strain may yield a CPO in a naturally deformed
rock that is indistinguishable from the CPO
expected for constriction-imposed slip on the basal
kal system or prism kal system alone (Fig. 1)
(Schmid & Casey 1986).

For a semi-quantitative measure of the degree to
which a CPO defines a maximum or a girdle, we use
Pfch5 (Mainprice 2005) to calculate the P, G and
R indices of the c-axis distribution (Woodcock
1977; Vollmer 1990; Ulrich & Mainprice 2005).
The magnitudes of the indices reflect how well the
data define a point (P), girdle (G) or random (R)
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Fig. 1. CPOs and normalized point (Pn) and girdle (Gn) indices expected from various quartz slip systems subjected to different strain geometries. In each stereonet, foliation (Sf) is
horizontal, shear/cisaillement (C) planes are inclined, and lineation is at the intersection of the foliation with the primitive (i.e. east–west).
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distribution. The R value serves as a measure of
CPO strength, with R ¼ 1 indicating the absence
of a preferred orientation. These values can be dis-
played in a triangular ‘Vollmer’ diagram (Abalos
1997) that has apices of P, G and R. To remove
the R component from the determination of the
strain geometry, we calculate normalized point
(Pn) and girdle (Gn) values:

Pn ¼ P=(Pþ G) (1)

Gn ¼ G=(Pþ G) (2)

or

Gn ¼ 1� Pn

In the case of basal kal slip, a low Pn value
indicates constriction (Fig. 1). A high Pn-value is
compatible with plane strain or flattening; the dis-
tinction between the two possibilities must be
made on the basis to which the kal axes define
point maxima or a girdle. In the case of prism kal
slip, a high Pn-value indicates plane strain. A low
Pn-value is compatible with constriction or flatten-
ing; the distinction between the two possibilities
can be made by using the orientation of the [c]
girdle with respect to the foliation: a girdle in the
Y–Z plane indicates constriction and a girdle in
the X–Y plane indicates flattening. In the case of
prism [c] slip, a low Pn-value indicates flattening.
A high Pn value is compatible with constriction or
plane strain; the distinction between the two possibi-
lities must be made on the extent to which the a-axes
define point maxima or a girdle. In the case of
‘mixed kal’ slip (slip in the kal direction along all
planes, or pencil glide), the resulting CPOs cannot
easily be deconstructed using Pn because the
c-axes effectively form one or more girdles regard-
less of whether the strain is plane or constrictional;
flattening achieved by kal slip along multiple planes
will lead to an increased R component. Thus, only
the Pn values for ‘prism kal’ CPOs are definitive
of constriction v. plane strain and only when the
orientation of the c-axis girdle is considered. Pn

values for ‘basal kal’ CPOs cannot distinguish
between plane strain and flattening and Pn for
‘prism [c]’ CPOs cannot differentiate constriction
from plane strain. Simple Pn values for ‘mixed
kal’ slip are not useful for assessing strain geometry.

The Western Gneiss region

ultrahigh-pressure terrane

The formation and exhumation of ultrahigh-
pressure (UHP) rocks are important aspects of colli-
sional orogenesis and are intrinsic to a number of
Earth processes, including the generation and col-
lapse of mountain belts, crust–mantle material
exchange and the chemical refining of continental

crust (Hacker 2007). The Western Gneiss Region
(WGR) of Norway (Fig. 2), the root zone of the
Scandinavian Caledonides, is the best-exposed giant
UHP terrane on Earth and is thus a prime locale to
study UHP processes. The bulk of the WGR consists
of quartzofeldspathic Baltica basement gneiss
overlain by minor crystalline and metasedimen-
tary allochthons. High-pressure (HP) rocks cover
60 000 km2, and UHP rocks, defined by the pres-
ence or absence of coesite, crop out in three antifor-
mal domains along the coast (Hacker 2007). Peak
metamorphic temperatures increase from c. 600 8C
in the SE to 800 8C in the NW (Fig. 2) (Griffin
et al. 1985; Kylander-Clark et al. 2008). Subduction
of the WGR was underway by 420 Ma and exhuma-
tion to mid-crustal levels was complete by 400–
380 Ma (Kylander-Clark et al. 2007; Walsh et al.
2007).

Aspects of the exhumation history of the WGR
that are not well understood include the spatial
and temporal variations in: i) the sense of shear;
ii) the magnitude of strain; and iii) the geometry
of strain. The bulk of the exhumation-related
fabrics are associated with east–west amphibolite-
facies stretching, although older fabrics (including
granulite and eclogite facies) are locally preserved
(Terry & Robinson 2003, 2004). The principal
structure responsible for exhumation of the WGR
through crustal depths is the Nordfjord–Sogn
Detachment Zone (Fig. 2) (Johnston et al. 2007a).
This zone is characterized by amphibolite- to
greenschist-facies asymmetric structures that indi-
cate top-to-the-west, normal-sense shear within the
allochthons; it is well developed within the lower
few km of the allochthons, but fades rapidly into
the underlying crystalline basement (Andersen
et al. 1994; Labrousse et al. 2002; Hacker et al.
2003; Young 2005; Johnston et al. 2007a). A top-
to-the-east, amphibolite-facies high-strain zone
occurs along the eastern edge of the crystalline
basement.

Assessing the strain geometry of the WGR is
important for understanding how the WGR was
exhumed. Andersen et al. (1991) suggested that
the WGR might contain constrictional fabrics
formed as the buoyant continental crust tore loose
from its sinking lithospheric root; Terry & Robinson
(2003, 2004) described eclogite- and amphibolite-
facies structures compatible with this. Andersen &
Jamtveit (1990) reported symmetrical structures
indicating eclogite- and amphibolite-facies coaxial
deformation. Krabbendam & Wain (1997) observed
L fabrics in augen gneiss and lineation-parallel folds
in layered gneiss and concluded that the WGR
experienced constrictional east–west extension,
north–south shortening and vertical thinning during
amphibolite-facies metamorphism. Walsh & Hacker
(2004) noted that if the ascent of the WGR was
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Fig. 2. The Western Gneiss region of Norway consists of a crystalline basement overlain by allochthons emplaced toward the SE. Major features include the ultrahigh-pressure
(UHP) domains, the top-to-the-west Nordfjord–Sogn Detachment Zone and the top-to-the-east shear zone along the eastern edge of the crystalline basement. Peak metamorphic
temperatures increase toward the NW (Kylander-Clark et al. 2008); the CPOs reported here reflect either these or lower temperatures.
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arrested at the Moho because of neutral buoyancy it
might have undergone large-scale flattening.

Data

This study included 101 quartz-bearing rock
samples from the WGR: 64 samples newly analysed
and 37 from previous studies (Fig. 2, Appendix 1).
Because previous studies generally focused on
small areas, this study made an effort to broaden
the spatial distribution of the samples; the result
(Fig. 2), however, is still quite uneven and this
should be borne in mind when interpreting the
dataset. The rocks are chiefly quartzofeldspathic
gneisses, quartzites, and veins, with a few anortho-
sites, granulites and eclogites. Minerals present in
the gneisses include quartz, plagioclase, K-feldspar,
garnet, biotite, muscovite, chlorite, hornblende,
orthopyroxene, epidote, zoisite, sphene and kyanite.
Most samples contain simply quartz + feldspar +
mica. At some localities, suites of different rock
types (quartzite v. anorthosite v. gneiss or eclogite
v. quartzofeldspathic gneiss) were measured to
assess the effect of rock type on the CPO recorded.
At other localities, veins were measured separately
from the host rocks for the same reason.

Optical microstructures of samples

Optically visible sample microstructures are sum-
marized in Appendix 1 and Figure 3. The bulk of
the samples display microstructures typical of reg-
ime 3 deformation/recrystallization conditions –
dentate grain boundaries, a modest range of grain
sizes, island grains and an absence of core-and-
mantle microstructures – implying a mix of
subgrain-rotation and grain-boundary migration
recrystallization (Hirth & Tullis 1992; Stipp et al.
2002). Fewer samples show characteristics of
regime 2: ribbon grains, core-and-mantle microstruc-
tures and deformation lamellae (Fig. 3). The amount
of quartz in some samples is so low, 20–30%, that
the grains were likely pinned by their neighbours
and did not undergo pure dislocation creep.

Active slip systems

Most samples show strong lattice preferred orien-
tations with multiples of uniform distribution
(m.u.d.) of three or more; a few have m.u.d. .20
(Fig. 4). About half of the samples have CPOs
with a c-axis maximum subparallel to the Y strain
direction, compatible with prism kal slip. About
two dozen samples have CPOs with a c-axis girdle
sub-perpendicular to the X strain direction, evoca-
tive of kal slip on multiple planes (i.e. pencil
glide). Both of these types of CPO are distributed
evenly across the study area (Fig. 5). Another

eight samples have CPOs with a c-axis maxima sub-
parallel to X, implying prism [c] slip. These samples
are all from a relatively small area around the UHP
domains in the western part of the study area; some
of them are eclogites, others are veins associated
with eclogites, and others are nearby gneisses. The
two granulite-facies samples have obscure CPOs.
About ten samples have CPOs with a c-axis maxi-
mum sub-parallel to Z, suggesting basal kal slip;
these samples are widely scattered, but form a
small cluster in the centre of the study area
(Fig. 5). The bulk of the samples thus experienced
slip on systems typical of amphibolite-facies defor-
mation; the few basal kal slip and prism [c] slip
CPOs imply greenschist-facies and granulite- or
eclogite-facies deformation, respectively.

Age of the CPOs and microstructures

Several lines of evidence indicate that the bulk of the
quartz CPOs and microstructures reported in this
study formed during the amphibolite-facies exhuma-
tion of the WGR that postdated the UHP event.

1. In the WGR, the amphibolite-facies structures
overprint local eclogite-facies structures (typi-
cally forming fractures, strain shadows, and
shear zones), indicating that they are younger.

2. Quartz grains within the three UHP domains
are presumed to be pseudomorphs after coesite
and therefore may have had a random orien-
tation upon formation (Hacker & Peacock
1995; Lenze & Stöckhert 2007).

3. Several samples (particularly quartz veins
P6824C2, K7711E2 and E9820M9) have
strong CPOs that are not coaxial with respect
to the rock foliation, suggesting that the quartz
microstructure is younger than the foliation.

4. Most samples exhibit undulatory extinction; if
that undulatory extinction had developed
during an earlier deformation it would have
been annealed during a static amphibolite-
facies event. Samples containing CPOs formed
under granulite- and eclogite-facies are excep-
tions to this general rule; however, as these
fabrics are relics of an earlier deformation
that predates this static amphibolite facies
event that was associated with exhumation.

Sense of shear

Sixty-four of the c- and a-axis CPOs are asymmetric
with respect to the rock foliation; 21 are symme-
trical and 16 are indeterminate. The asymmetric
CPOs, implying noncoaxial deformation, and the
symmetric CPOs, implying coaxial deformation,
show spatial distributions (Fig. 5). The CPOs of
samples around the Nordfjord–Sogn Detachment
Zone in the west are almost uniformly indicative
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of top-to-the-west amphibolite-facies shearing
(Young 2005; Johnston et al. 2007b). The central
part of the study area is characterized by a mix of
symmetric CPOs that imply coaxial sample-scale
deformation, and sub-equal numbers of asymmetric
CPOs that imply top-to-the-west and top-to-the-
east sample-scale shearing. Together, these CPOs
imply that the central domain underwent
broadly coaxial deformation. The inferred slip
systems of these samples are compatible with

amphibolite-facies deformation. The central
domain and the Nordfjord–Sogn Detachment
Zone are separated by a transitional domain charac-
terized by a mixture of CPOs suggesting top-to-
the-west and coaxial shearing from amphibolite
facies down to greenschist facies. Within this
domain is a smaller domain of CPOs compatible
with a mix of top-to-the-west and top-to-the-east
shearing during eclogite-or granulite-facies defor-
mation. Along the eastern edge of the WGR is a

1mm

1mm

1mm

1mm

1mm

1mm

(a)

(b)

(c)

Fig. 3. Representative microstructures. Optical microstructures (left) are indicative of quartz deformation regime 2
(a few samples) or 3 (most samples); cross-polarized light. EBSD map coloured by one-point-per-grain quartz
crystal orientations shown in inset c-axis stereonet. (a) Quartz vein P6807F7 showing weak undulatory extinction,
weak sub-grain formation, and fairly straight grain boundaries indicative of quartz deformation regime 3. (b) Quartz
vein in eclogite K7717A2 showing weak undulatory extinction, modest sub-grain formation, and straight grain
boundaries indicative of regime 3. (c) Gneiss sample R9823F9 composed of bands of quartz and plagioclase.
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fourth domain with CPOs implying top-to-the-east
shearing, again compatible with field observations.

CPO strength

The CPO strength, as determined by J[c], Jkal or
1 – R, shows modest spatial variation (Fig. 6).
Samples around the high-strain Nordfjord–Sogn
Detachment Zone and from an area in the eastern
part of the study area have strong CPOs, whereas
samples everywhere else have weaker CPOs.

Strain geometry

The distributions of the PGR data for the different
CPOs (Fig. 4) imply that the strain that produced
the CPOs was a mix of plane strain and constriction,
with minimal flattening. Most of the CPOs that
are compatible with basal kal slip have relatively
high R-values that render their interpretation
suspect. Of the five samples with low R-values,
one, J2803M, has a c-axis girdle that might indicate
constriction. The remaining low-R samples have

1mm

1mm

1mm

200 um

1mm

1mm

(d)

(e)

(f)

Fig. 3. (Continued). Regime 3. (d) Gneiss sample P6821D1 with quartz-rich zones surrounded by fine-grained
symplectites. Grain boundaries are dentate. Regime 3. (e) Gneiss sample P6803A2 with strong undulatory extinction,
strong sub-grain formation, and dentate grain boundaries indicative of sub-grain rotation recrystallization (regime 2).
(f) Quartz-rich ultramylonite J3701E3 with highly stretched quartz grains and feldspar porphyroclasts. Regime 2.
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CPOs compatible with plane strain (e.g. P6822B1)
or flattening (e.g. J2813D). The CPOs that are com-
patible with prism kal slip indicate a mix of plane
strain and constriction, with the former dominant;
none are suggestive of flattening. The CPOs that
are compatible with ‘mixed kal’ slip are, de facto,
all compatible with constriction and plane strain,
but, as noted above, Pn cannot distinguish between
those two possibilities. The CPOs that are compati-
ble with prism [c] slip samples are suggestive of
either plane strain (e.g. Y1706B) or constriction
(e.g. K7717A).

Figure 7 shows the spatial distribution of the Pn

data for the ‘prism kal’ slip samples; samples with
high R values or obscure CPOs were excluded
(see Appendix 1). Adding the ‘basal kal’ slip and
1 – Pn for the ‘prism [c]’ samples does not affect
the general pattern. The greatest constrictional
component (low Pn values) is recorded in the
centre of the study area (Fig. 7).

Rock-type comparisons

At six locations, different types of rock were
measured to assess how the presence of minerals

other than quartz affected the CPOs. A quartzite
and a gneiss sample at E1606L record CPOs that
look similar despite the percentage of quartz
varying by a factor of two (Appendix 1). A quartzite
and a vein sample at K7710R have almost identical
amounts of quartz and recorded essentially identical
CPOs. Three K7711E samples, a gneiss, a quartzite
and a vein, have partial to complete c-axis girdles
subperpendicular to X; the CPO in the quartzite
(K7711E3) is the most straightforward, and the
CPO in the gneiss (K7711E1 is the most obscure.
The three eclogite-facies samples from P6807F
have obscure, but similar, CPOs. The two gneiss
samples from P6824C have similar CPOs
suggesting prism kal or mixed kal slip, whereas the
vein sample (P6824C2) has a clearly defined prism
kal CPO.

Discussion

Implications for deformation of the Western

Gneiss Region

The quartz CPO data presented above provide
useful information regarding the exhumation
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Fig. 5. Slip systems and shear sense inferred from CPOs show distinct domains: top-to-the-west prism kal slip along the
Nordfjord–Sogn Detachment Zone, mixed prism [c] slip in the west near the southernmost UHP domain, and a
transition to top-to-the-east shear farther east. Dashed arrows indicate less robust data.
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of the WGR. Although most of the CPOs imply
amphibolite-facies mixed kal slip and prism kal
slip, the presence of CPOs in a minority of
samples suggesting prism [c] slip indicates that
vestiges of hotter deformation remain. The
sense-of-shear interpretations imply that the
hottest deformation (recorded by prism [c] CPOs)
was coaxial at a large scale (a mixture of top-to-
the-west and top-to-the-east), compatible with the
interpretation of field structures by Andersen &
Jamtveit (1990). The rest of the sense-of-shear
interpretations show a clear east–west transition:
an eastern domain with top-to-the-east amphibolite-
facies deformation, a central coaxial domain that is
mostly amphibolite-facies, but locally greenschist
facies, and strong top-to-the-west, normal-sense
shearing along the Nordfjord–Sogn Detachment
Zone. The extent to which the top-to-the-west
deformation within the Nordfjord–Sogn Detach-
ment Zone extends downward to deeper structural
levels within the crystalline basement – as shown
by the new CPOs – was not previously recognized.
The eastern domain of top-to-the-east shearing
is associated with emplacement of the alloch-
thons over the basement; that this deformation
is chiefly amphibolite-facies was not previously
known.

As noted above, numerous factors influence
CPO strength, including the particular slip systems
that are active, the activity of other deformation
mechanisms, the rate of recrystallization, the
presence of other phases, and variations in strain
path, including strain magnitude. Two domains in
the study area, the Nordfjord–Sogn Detachment
Zone and the eastern margin of the crystalline base-
ment, have outcrop features – reduced grain size,
stronger foliations, and strong fabric asymmetry –
indicating high strain magnitude. These two
domains do indeed have strong CPOs locally (as
measured by J[c] of quartz), implying that dislo-
cation creep of quartz was a significant deformation
mechanism.

The strain geometries calculated in this study
from quartz CPOs are a mix of plane strain and
constriction, with minimal evidence of a flattening
component. Because of the relatively low strains
necessary to reset quartz CPOs, these are true con-
strictional strains and not ‘apparent’ constriction
that might result from, for example, the superposi-
tion of orthogonal flattening strains. The evidence
of widespread true constriction is consistent with
the suggestions of Krabbendam & Wain (1997)
that constrictional east–west extension, vertical
thinning and north–south shortening occurred
throughout the WGR during the late-Caledonian
amphibolite-facies metamorphism. It is possible
that other phases and/or rock types not measured
in this study accommodated other strain geometries,
including flattening.

Implications for interpreting quartz CPOs

This study demonstrates that qualitative assessment
of strain geometry is possible using quartz CPOs.
There are three actions that would enable quantitat-
ive assessment of strain geometry.

1. Viscoplastic modeling of quartz CPOs (Wenk
et al. 1989) must be expanded to include kal
axes and conducted to sufficiently high strains
to produce CPOs with strengths similar to
natural CPOs.

2. A means of assessing the degree to which kal
axes deviate between maxima, girdles and
random must be devised.

3. The initial work of Price (1985), comparing
CPOs with measured strain geometries, must
be expanded to complete crystal orientations
using EBSD.

Although quartz CPOs with Type I and Type II
(Lister 1977) c-axis girdles are common in the lit-
erature, and are indeed typical of some amphibolite-
facies terranes (e.g. Lister & Dornsiepen 1982;
Schmid & Casey 1986; Law 1990; Xypolias &
Koukouvelas 2001; Llana-Fúnez 2002), they are
rare components of this dataset, implying a differ-
ence in deformation or that EBSD-generated CPOs
look different or are different from U-stage gener-
ated CPOs.

Conclusion

Slip systems, sense of shear, CPO strength, and
strain geometry across the ultrahigh-pressure
Western Gneiss region of Norway were assessed
using CPOs measured with EBSD. CPOs with
c-axis maxima subparallel to X indicate local pres-
ervation of eclogite- or granulite-facies prism [c]
slip. The bulk of the CPOs, however, have [c] axis
maxima subparallel to Y or great-circle girdles sub-
perpendicular to X, implying a dominance of prism
kal slip and mixed kal slip; this is the characteristic
amphibolite-facies deformation of the Western
Gneiss region. There are few Type I and Type II
girdles, in contrast to other studies. Asymmetric
and strong CPOs characterize the high-strain,
top-W, normal-sense Nordfjord–Sogn Detachment
Zone and a top-to-the-east domain along the
eastern margin of the crystalline basement. The
c-axis distributions of the CPOs suggest that the
strain was characterized by a mix of plane strain
and constriction and minimal flattening; this sup-
ports earlier field-based studies.

Funded by NSF EAR-0510453. Dedicated to M. Casey for
his kindness and pioneering work on CPO measurement
and interpretation. Extensive and thoughtful reviews by
G. Lloyd and P. Xypolias, and discussions with P. Gans
and J. Lee are gratefully acknowledged.
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Appendix

Table 1A. EBSD data

Rock UTM UTM Foliation lineation J[c] J kal Dominant slip P G R Pn Shear sense

E9730H1 gneiss 501347 6885005 129/54 167/41 2.0 1.3 prism kal 0.23 0.41 0.36 0.36
E9801i1 quartzite 475357 6904137 070/10 105/01 4.4 1.8 prism kal 0.60 0.20 0.20 0.75 top E(?)
E9801O1 quartzite 473503 6896805 177/59 096/09 2.7 1.5 prism kal 0.40 0.32 0.28 0.56 dextral
E9804H gneiss 418722 6913211 162/55 241/05 1.7 1.2 kal slip? 0.18 0.41 0.41 0.30 top W
E9805B5 vein 421351 6897587 142/40 061/30 2.0 1.3 prism kal 0.82 0.14 0.04 0.85 symmetrical
E9805M gneiss 412438 6908815 138/35 122/35 2.7 1.4 prism kal 0.04 0.38 0.59 0.09 symmetrical
E9805N gneiss 412319 6908500 144/35 078/15 1.6 1.2 prismþrhomb kal 0.21 0.20 0.58 0.52 top E
E9809C6 gneiss 391713 6890278 082/25 120/25 1.2 1.1 basal kal 0.08 0.12 0.79 top W
E9810E quartzite 360714 6857805 302/07 247/07 4.0 1.7 prism kal 0.57 0.21 0.22 0.73 symmetrical
E9816B6 gneiss 412000 687890 045/40 100/24 2.4 1.4 basal kal 0.33 0.29 0.38 0.54 top W
E9816E gneiss 431450 6875648 269/12 114/11 1.4 1.1 kal slip 0.08 0.23 0.69 top W
E9816F gneiss 433871 6875328 114/50 054/25 1.7 1.2 basal kal 0.18 0.25 0.56 0.42 sinistral
E9818B gneiss 438451 6863002 028/45 078/35 1.8 1.2 kal slip 0.11 0.39 0.50 0.22 top W
E9818F2 gneiss 428332 6875575 080 46 112/40 3.5 1.6 prism kal 0.47 0.23 0.30 0.67 top E(?)
E9819A gneiss 427527 6877800 050/43 090/34 4.3 1.7 prism kal 0.54 0.23 0.23 0.70 top W(?)
E9820M9 vein 385400 686740 050/50 075/19 6.8 2.8 prism kal 0.56 0.25 0.19 0.69
E1606L5 quartzite 473777 6878900 147/85 069/24 2.4 1.5 kal slip 0.21 0.58 0.21 0.27 dextral
E1606L6 gneiss 473777 6878900 090/70 090/46 2.0 1.3 kal slip 0.13 0.55 0.33 0.19 symmetrical
E1608G1 gneiss 408854 6868422 005/74 088/38 3.7 1.9 basal kal 0.15 0.39 0.45
E1612C9 gneiss 342678 6899395 137/10 177/05 1.9 1.2 kal slip 0.16 0.27 0.58 0.37 top N
E1613P gneiss 410809 6901325 082/16 1.3 1.1 kal slip 0.02 0.17 0.81
E1614A7 granulite 421807 6897223 045/36 060/15 10.1 2.8 ? 0.82 0.14 0.04
E1627E gneiss 514xxx 6860xxx 208/30 276/13 1.4 1.1 kal slip 0.10 0.46 0.44 0.18 symmetrical
H1604I3 gneiss 5454xx 70225xx 350/84 078/24 1.3 1.1 kal slip 0.07 0.32 0.61 dextral
J2801C quartzite 336970 6842464 186/61 277/15 1.5 1.1 kal slip 0.06 0.49 0.45 0.11 sinistral
J2802H1 quartzite 335811 6848823 349/29 265/05 4.1 1.7 prism kal 0.60 0.21 0.20 0.74 top W
J2802L quartzite 333726 6848065 186/80 270/10 4.2 1.7 prism kal 0.59 0.26 0.15 0.70 sinistral
J2802S2 quartzite 331352 6845675 210/40 215/38 1.7 1.2 kal slip 0.09 0.57 0.34 0.14 top W
J2803M quartzite 325790 6036350 347/26 286/12 2.2 1.3 basal kal 0.18 0.59 0.23 0.23 top W
J2804L2 gneiss 323903 6830723 198/26 287/02 2.2 1.3 prism kal 0.39 0.26 0.35 0.60 top E
J2804L31 quartzite 323903 6830723 198/26 287/02 6.6 2.2 prism kal 0.77 0.13 0.10 0.86 top W(?)
J2805S quartzite 294817 6836146 015/69 092/28 2.6 1.3 prism kal 0.30 0.45 0.25 0.40 sinistral
J2806A2 quartzite 318548 6842979 304/25 291/20 2.3 1.3 prism kal 0.37 0.35 0.29 0.51 top W
J2812A quartzite 312165 6835751 347/34 299/22 1.9 1.2 prism kal 0.15 0.56 0.29 0.22 top W
J2813D quartzite 330516 6841848 201/73 282/28 2.3 1.3 basal kal 0.36 0.33 0.31 0.52 sinistral
J2818J quartzite 341050 6837880 342/30 284/19 2.0 1.3 kal slip 0.18 0.51 0.31 0.26 top E
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J2819D quartzite 332184 6835836 005/17 284/05 2.6 1.3 prism kal 0.23 0.53 0.24 0.30 top E
J3628B quartzite 329391 6842480 000/82 275/30 1.9 1.2 prism kal 0.27 0.31 0.42 0.46 sinistral
J3630D quartzite 322608 6836411 308/09 277/08 2.9 1.4 prism kal 0.39 0.33 0.27 0.54 top W
J3701E3 Ultramylon 325260 6833545 313/09 292/08 3.2 1.5 prism kal 0.20 0.65 0.15 0.24 top W
J3701E4 Ultramylon 325260 6833545 252/28 294/22 2.1 1.3 kal slip 0.32 0.30 0.38 0.52 top W
J3705H quartzite 342090 6846709 004/70 271/10 2.2 1.4 prism kal 0.32 0.30 0.38 0.52 sinistral
J5814C gneiss 465986 6920669 070/40 070/40 4.1 1.8 prism kal 0.51 0.23 0.26 0.69 top E(?)
J5814N2 gneiss 454500 6973000 335/85 065/06 1.4 1.1 kal slip 0.10 0.34 0.55 0.24 symmetrical
J5815C gneiss 392259 6963026 185/84 270/35 1.2 1.1 prism kal 0.13 0.03 0.85 symmetrical
J5815E4 gneiss 398970 6970946 168/80 082/01 1.5 1.1 basal-prism kal 0.12 0.37 0.52 0.24 sinistral
J5815F2 vein 394992 6977929 160/10 067/01 8.1 2.7 prism kal 0.53 0.29 0.18 0.65 top W
J5816L2 quartzite 506601 6978402 267/73 210/62 3.2 1.5 basal kal? 0.44 0.18 0.38 0.71 top N
K7708J vein 527070 6928273 099/29 125/26 1.7 1.2 kal slip 0.04 0.42 0.54 0.09 top E
K7709H6 quartzite 506173 6950741 344/24 030/05 3.2 1.5 prism kal? 0.39 0.40 0.21 0.49 top E
K7710R1 vein 488814 6955139 145/05 105/05 7.1 2.7 prism kal 0.73 0.16 0.11 0.82 top E
K7710R2 quartzite 488814 6955139 145/05 105/05 4.4 1.8 prism kal 0.59 0.23 0.18 0.71 top E
K7710S gneiss 488584 6955078 095/05 102/05 3.8 1.7 prism kal 0.57 0.22 0.21 0.72
K7711D gneiss 495410 6960629 080/10 080/10 1.8 1.2 prism kal 0.23 0.29 0.47 0.45
K7711E1 gneiss 495414 6960662 155/15 096/12 1.6 1.2 prism kal 0.17 0.22 0.62
K7711E2 vein 495414 6960662 132/15 096/12 4.3 2.1 prism kal? 0.44 0.39 0.17 0.53
K7711E3 quartzite 495414 6960662 155/15 096/12 2.9 1.7 kal slip 0.18 0.68 0.15 0.21 top E
K7711K gneiss 499xxx 6979xxx 350/67 080 01 1.5 1.1 kal slip 0.11 0.34 0.55 0.25 dextral
K7714A2 gneiss 329382 6913024 132/78 051/36 2.0 1.2 prism kal 0.25 0.15 0.60 0.61 sinistral(?)
K7716A gneiss 310706 6902585 120/24 110/19 1.7 1.2 kal slip 0.22 0.03 0.75
K7717A vein in eclc 313814 6872804 145/60 230/15 5.5 1.7 prism [c] 0.54 0.19 0.27 0.74 sinistral
K7717G granulite 292229 6883093 065/89 320/05 1.9 1.3 basalþrhombkal 0.21 0.39 0.40 0.35 dextral
K7719A quartzite 427817 6893106 008/42 292/06 2.8 1.5 prism kal? 0.50 0.08 0.42 0.87 top E(?)
K7721C quartzite 481595 6903849 330/30 245/05 7.3 3.0 prism kal 0.76 0.16 0.08 0.83 symmetrical
P6803A2 gneiss 440197 6840096 170/49 125/35 1.5 1.1 basal kal? 0.12 0.37 0.51 0.25 symmetrical
P6807F7 vein in eclc 301660 6891370 020/55 108/20 8.1 1.7 prism [c]? 0.10 0.40 0.50
P6807F8 vein 301660 6891370 035/50 110/15 2.2 1.3 kal slip 0.33 0.29 0.38 0.53 dextral
P6807F9 eclogite 301660 6891370 120/20 132/15 2.2 1.4 prism [c] 0.29 0.13 0.58 0.69 top E
P6807G2 eclogite 302307 6891321 060/31 115/10 2.8 1.5 prism [c]? 0.14 0.41 0.45 0.25
P6808A3 gneiss 491800 6858000 025/35 080/20 3.5 1.3 prism kal 0.21 0.39 0.40 0.35
P6809A3 gneiss 463565 6861331 132/40 094/39 2.7 1.4 prism kal 0.48 0.11 0.41 0.81 symmetrical
P6821D1 gneiss 345700 6851400 166/56 100/18 1.7 1.2 kal slip 0.12 0.37 0.51 0.25 dextral
P6822B1 gneiss 334890 6885870 117/75 047/50 3.0 1.6 basal kal 0.43 0.31 0.26 0.58 symmetrical
P6824C1 gneiss 294809 6878942 010/42 075/20 1.4 1.1 prism kal? 0.23 0.14 0.63 0.61 top W(?)
P6824C2 gneiss 292xxx 6883xxx 006/35 280/05 1.4 1.1 prism kal 0.12 0.24 0.64 symmetrical
P6824C2 vein 292xxx 6883xxx 006/35 280/05 5.1 2.3 prism kal 0.48 0.38 0.14 0.56
P6826E1 gneiss 383482 6929460 071/11 089/11 2.0 1.2 basal kal? 0.38 0.16 0.46 0.70
8815G11 gneiss 319906 6907793 220/50 130/01 2.6 1.4 prism kal 0.42 0.13 0.44 0.76 symmetrical
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Table 1A. Continued

Rock UTM UTM Foliation lineation J[c] J kal Dominant slip P G R Pn Shear sense

8829A2 gneiss 302350 6924950 None 1.2 1.0 basal kal? 0.06 0.16 0.78
8830B9 vein 328000 6920100 178/89 091/02 2.3 1.6 kal slip 0.16 0.18 0.66 sinistral(?)
R8906B9 vein 325000 6921700 142/35 271/09 3.9 1.9 prism kal 0.39 0.20 0.41 0.67 top E
R9823F9 gneiss 336147 6911512 157/70 115/70 2.2 1.3 kal slip 0.35 0.14 0.52 0.72
R9823I9 gneiss 325833 6923822 130/70 210/75 1.7 1.2 prism [c] 0.25 0.23 0.52 0.52 top E
R9824B7 eclogite bo 327304 6923241 140/26 100/30 1.6 1.2 prism [c]? 0.03 0.46 0.50 0.06
R9826C gneiss 329191 6914284 146/21 108/29 1.8 1.3 basal kal 0.09 0.20 0.71 symmetrical
R9828C98 quartzite 313872 6908472 027/55 090/09 4.0 1.8 prism kal? 0.33 0.35 0.31 0.49
Y0814I Ultramylon 361485 6845158 350/24 085/11 8.6 3.1 prism kal 0.73 0.22 0.05 0.77 top W
Y0815M quartzite 360353 6849154 023/31 102/05 5.1 2.1 prism kal 0.58 0.34 0.08 0.63 top W
Y0821D quartzite 367921 6849700 275/30 267/25 3.0 1.5 prism kal 0.45 0.28 0.27 0.61 symmetrical
YQ822D vein 371394 6857253 313/15 271/13 8.3 2.9 prism kal 0.74 0.23 0.03 0.76 top W
Y0822J quartzite 366990 6854913 254/22 283/10 4.9 1.9 prism kal 0.63 0.23 0.14 0.73 top W
Y0824P quartzite 367499 6858991 306/12 262/09 7.0 2.3 prism kal 0.67 0.27 0.06 0.71 top E
Y0829J quartzite 348041 6857702 160/25 092/04 3.0 1.6 kal slip 0.32 0.51 0.17 0.39 top W
Y1518C vein 352765 6851478 030/41 094/15 3.4 1.7 prism kal 0.29 0.57 0.13 0.34 top W
Y1524K vein 375864 6864388 218/50 271/25 5.6 2.1 prism kal 0.51 0.44 0.05 0.53 top W
Y1526E anorthosite 369700 6869200 048/52 050/45 1.6 1.1 kal slip 0.19 0.24 0.57 0.44 top W
Y1530D quartzite 369620 6860160 205/28 268/13 3.6 1.7 prism kal 0.49 0.36 0.15 0.58 top W
Y1612D vein 352725 6868464 172/89 256/08 7.1 2.2 prism [c] 0.50 0.33 0.17 0.60 sinistral
Y1617B5 gneiss 325853 6868800 None 1.3 1.1 prism [c]? 0.13 0.21 0.66
Y1618E4 anorthosite 314162 6871113 345/63 065/40 1.6 1.2 kal slip 0.13 0.19 0.68
Y1706B vein&gneis 326564 6865755 316/80 225/06 2.4 1.3 prism [c] 0.30 0.22 0.49 0.58 sinistral

Foliation and lineation are given as dip and dip direction; azimuth and plunge.
J[c] and Jkal indicate strength of [c] and kal axis CPOs.
P, G, and R indicate extent to which [c] axis CPO forms a point, girdle, or random distribution.
Pn ¼ P/(PþG). Not calculated for samples with high R values or obscure CPOs.
fsp% includes plagioclase and K-feldspar; chl, chlorite; ep, epidote/zoisite; gar, garnet; hbl, hornblende; kspar, K-feldspar.
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Table 2A. Additional sample attributes

Quartz (%) fsp% Other (%) Other minerals Quartz regime Quartz undulose
extinction

Subgrain
development

Grain-boundary
tortuosity

E9730H1 30 60 10 gar, mica, hbl 3 strong moderate strong
E9801i1 85 10 5 mica 2 strong strong very strong
E9801O1 75 15 10 mica 3 strong moderate moderate
E9804H 60 35 5 mica 3 moderate to weak moderate weak to moderate
E9805B5 100 0 0 ultramylonite ultramylonite ultramylonite
E9805M 50 40 10 mica 3 moderate moderate to strong moderate
E9805N 85 10 5 mica 3 moderate moderate weak to moderate
E9809C6 20 55 15 mica 3 moderate moderate moderate
E9810E 80 15 5 kspar, mica 3 moderate weak moderate
E9816B6 30 70 0 3 strong strong strong
E9816E 85 10 5 mica 3 moderate weak to moderate moderate
E9816F 40 30 30 gar, mica 3 weak weak straight to weak
E9818B 80 15 5 mica 3 strong strong strong
E9818F2 85 10 5 kspar, mica 2 strong strong strong
E9819A 75 25 0 kspar, mica 2 to 3 strong to moderate strong to moderate strong
E9820M9 100 0 0 3 strong strong strong
E1606L5 100 0 0 3 moderate moderate moderate to strong
E1606L6 55 35 10 mica, ep 3 moderate moderate straight
E1608G1 30 55 15 mica 3 strong moderate strong
E1612C9 20 75 5 mica 3 weak weak straight
E1613P 40 50 10 mica, kspar 3 very strong strong strong
E1614A7 25 70 5 weak weak straight
E1627E 45 50 5 mica 3 strong moderate pinned by feldspars
H1604I3 25 70 5 mica, ep, sph 3 moderate moderate weak
J2801C 60 40 0 kspar 2 to 3 strong strong strong
J2802H1 65 25 10 kspar, mica 2 strong moderate very strong
J2802L 65 35 0 kspar 2 strong moderate very strong
J2802S2 50 50 0 3 strong moderate strong
J2803M 60 30 10 kspar, mica 2 strong strong strong
J2804L2 55 10 35 mica, kspar 2 to 3 strong strong strong
J2804L31 70 25 5 kspar, mica 2 strong strong moderate to strong
J2805S 70 25 5 kspar, mica 2 to 3 strong strong strong
J2806A2 70 25 5 kspar, mica 2 strong strong strong
J2812A 75 20 0 mica 2 strong strong strong
J2813D 85 10 5 kspar, mica 2 strong strong strong

(Continued)

S
T

R
A

IN
F

R
O

M
Q

U
A

R
T

Z
C

P
O

s
6
8
1



Table 2A. Continued

Quartz (%) fsp% Other (%) Other minerals Quartz regime Quartz undulose
extinction

Subgrain
development

Grain-boundary
tortuosity

J2818J 70 20 10 kspar, mica 2 strong strong strong
J2819D 90 0 10 mica 2 to 3 strong strong moderate
J3628B 55 45 0 3 moderate moderate moderate
J3630D 65 30 5 kspar, mica, sph 2 to 3 moderate moderate moderate
J3701E3 75 25 0 2 ultramylonite ultramylonite ultramylonite
J3701E4 65 25 10 mica 2 ultramylonite ultramylonite ultramylonite
J3705H 75 20 5 kspar, mica 2 strong moderate strong
J5814C 20 60 20 mica, chl 3 moderate pinned pinned
J5814N2 30 50 20 gar, mica, ky, mica 3 moderate moderate moderate
J5815C 20 60 20 gar, mica 3 strong strong strong
J5815E4 35 30 30 gar, mica 3 moderate moderate weak to moderate
J5815F2 95 0 5 gar, mica 3 moderate moderate moderate
J5816L2 85 10 0 kspar, mica 3 weak moderate strong
K7708J 95 0 5 mica 3 moderate moderate moderate
K7709H6 75 25 0 3 low to moderate weak moderate to straight
K7710R1 90 10 0 2 strong moderate moderate to strong
K7710R2 80 15 5 mica 2 strong moderate moderate to strong
K7710S 60 35 5 mica 2 strong strong strong
K7711D 30 55 15 kspar, mica 3 moderate moderate moderate to strong
K7711E1 30 30 35 mica 3 strong strong strongly strong
K7711E2 100 0 0 2 to 3 strong strong strongly strong
K7711E3 80 15 5 mica 3 strong strong strongly strong
K7711K 75 20 5 mica, ep 3 moderate moderate moderate
K7714A2 35 65 0 kspar 3 moderate moderate straight
K7716A 60 25 15 mica, sph 3 moderate moderate weak to moderate
K7717A 100 0 0 3 weak weak straight
K7717G 55 30 5 mica 3 weak weak to moderate straight to weak
K7719A 60 25 15 mica, sph 2 strong strong strong
K7721C 75 20 5 hbl, ep 2 strong moderate relatively strong
P6803A2 40 30 30 gar, ep, mica, chl 2 very strong strong strongly strong
P6807F7 100 0 0 3 weak weak straight
P6807F8 30 50 20 hbl, gar, ru 3 strong strong moderate
P6807F9 65 10 25 gar, sph 3 weak weak straight to weak
P6807G2 25 70 5 mica 3 weak moderate straight
P6808A3 60 20 20 mica 3 moderale moderate modest
P6809A3 30 65 5 mica, gar 3 moderate moderate moderate
P6821D1 35 40 25 gar, mica, chl 3 moderate weak relatively strong

N
.

C
.

B
A

R
T

H
E

T
A

L
.

6
8
2



P6822B1 35 50 15 gar, mica 3 weak weak straight
P6824C1 60 30 10 mica, gar, mica 3 very weak none straight
P6824C2 30 60 10 mica 3 weak weak straight
P6824C2 100 0 0 3 moderate moderate straight to weak
P6826E1 25 75 0 2 to 3 moderate moderate moderate to strong
8815G11 10 80 10 gar, hbl, cpx, mica 3 isolated qtz grains isolated qtz grains isolated qtz grains
8829A2 30 60 10 kspar 3 weak weak straight
8830B9 90 5 5 mica 2 to 3 strong strong very strong
R8906B9 80 20 0 mica, opx, gar, ky 3 weak weak weak to moderate
R9823F9 35 60 10 kspar, mica 3 weak moderate to weak straight to weak
R9823I9 30 65 0 kspar, mica 3 moderate to strong moderate to strong straight to weak
R9824B7 30 65 5 gar, hbl, mica, chl 2 strong strong strong
R9826C 30 60 10 mica, sph 3 strong strong moderate
R9828C98 92 5 0 gar, amph 3 moderate moderate weak to moderate
Y0814I 100 0 0 2 strong strong strong
Y0815M 90 10 0 3 weak moderate straight
Y0821D 55 40 5 mica 2 strong strong strong
Y0822D 100 0 0 2 to 3 strong moderate strong
Y0822J 65 30 5 mica 2 to 3 moderate moderate moderate
Y0824P 85 10 5 mica 2 to 3 strong strong very strong
Y0829J 95 0 5 mica 2 to 3 strong strong strong
Y1518C 100 0 0 2 to 3 moderate to strong moderate moderate
Y1524K 100 0 0 2 to 3 strong moderate to strong strong
Y1526E 20 75 5 kspar, mica 3 weak weak straight
Y1530D 90 10 0 mica 2 to 3 strong moderate to strong strong
Y1612D 100 0 0 3 strong strong strong
Y1617B5 25 70 5 mica, sph 3 moderate moderate weak to moderate
Y1618E4 5 90 5 kspar, ep, hbl 3 isolated qtz grains isolated qtz grains isolated qtz grains
Y1706B 85 15 0 3 strong strong strong

fsp% includes plagioclase and K-feldspar; chl, chlorite; ep, epidote/zoisite; gar, garnet; hbl, hornblende; kspar, K-feldspar; ky, kyanite; opx, orthopyroxene; ru, rutile; zo, zoisite.
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LLANA-FÚNEZ, S. 2002. Quartz c-axis texture mapping of
a Variscan regional foliation (Malpica-Tui Unit, NW
Spain). Journal of Structural Geology, 24, 1299–1312.

LLOYD, G. E. 2004. Microstructural evolution in a
mylonitic quartz simple shear zone; the significant
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Vorticity of flow in ductile thrust zones: examples from the
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Abstract: Microstructural, petrofabric, strain and vorticity data from quartz-rich tectonites were
used to investigate the kinematics of rock flow in the Evia and Ochi ductile thrust zones, formed
during exhumation of the high-pressure nappes of the Attico-Cycladic Massif. The Evia thrust zone
defines the base of the Styra nappe while the Ochi thrust zone defines the contact between the Styra
and the overlying Ochi nappe. A dominant top-to-the-ENE sense of shearing along both thrust
zones is indicated by several shear sense criteria. Deformation in the structurally deeper Evia
thrust zone occurred under approximately plane strain conditions and was characterized by a
RXZ strain ratio varying from 3 to 6. The vorticity profile above the thrust plane shows a slight
down-section increase in the kinematic vorticity number (Wm) from 0.8 to 0.9, as well as the pres-
ence of local thin domains with a higher pure shear component of deformation. In the overlying
Ochi thrust zone, a downward increase in Wm values from 0.6 to 0.9 is detected both above and
below the thrust plane. Here, rocks have been deformed in the general constrictional field with
RXZ values ranging between 5 and 8. A transport-parallel elongation of 30–90% and 50–160%
has been estimated for the Evia and Ochi thrust zones, respectively, implying that ENE-directed
extrusive flow controlled the formation, stacking and exhumation of the Styra and Ochi nappes.

The majority of ductile thrust sheets or nappes in the
internal parts of mountain chains exhibit evidence of
pervasive ductile deformation, which is generally
expressed by a penetrative and often transposition
foliation subparallel to ductile thrust contacts (e.g.
Williams et al. 2006). The nappe contacts are often
defined on the basis of foliation intensity gradient
observed in the field and described as broad high-
strain or mylonitic zones where complete textural
and mineralogical transformations are achieved.
These zones of ductile deformation contain some
of the key information to understanding the kin-
ematic evolution of nappes such as sense of nappe
emplacement and the partitioning of flow into com-
ponents of pure and simple shear.

Petrofabric studies in the Moine Thrust zone of
NW Scotland probably provide the most compre-
hensive evidence that quartz crystallographic
fabrics are a powerful tool to deduce the sense of
shear (vorticity) in ductile deformation zones
(Law 2010; Law & Johnson 2010 and references
therein). Moreover, the large and still growing
number of regional studies, which use asymmetric
quartz c-axis fabric as shear sense indicator (e.g.
Bouchez & Pécher 1981; Platt & Behrmann 1986;
Law et al. 1994; Xypolias & Doutsos 2000; Kurz
et al. 2001; Bhattacharya & Weber 2004; Toy
et al. 2008), give increasing confidence for the val-
idity of this criterion. Variation in the degree of
asymmetry of quartz c-axis fabrics has also been
used in the pioneering studies of Law et al. (1984,

1986) and Platt & Behrmann (1986), and then by
many others (e.g. Ratschbacher et al. 1991; Grujic
et al. 1996), to infer vorticity gradient associated
with the emplacement of ductile thrust sheets. All
of these studies suggest qualitatively that simple
shear component of deformation increases towards
thrust contacts. Although a number of quantitative
methods for vorticity analysis have been developed
over the last 20 years (Wallis 1995; Passchier &
Trouw 2005 and references therein), few studies
have dealt with the quantitative identification of vor-
ticity gradient in zones of ductile thrusting. Some of
these studies (Xypolias & Koukouvelas 2001;
Xypolias & Kokkalas 2006; Law 2010) are in line
with the aforementioned qualitatively established
strain-path, some others are not (Grasemann et al.
1999; Jessup et al. 2006), but all argue that deviation
from end-member simple shear deformation has sig-
nificant impact on total displacement field (see also
Simpson & DePaor 1997; Law et al. 2004; Bailey
et al. 2007). Therefore, at this stage of knowledge
more quantitative kinematic analyses are needed.
This necessity is also expressly recognized by quan-
titative studies in shear zones from different struc-
tural settings (e.g. Klepeis et al. 1999; Holcombe
& Little 2001; Bailey & Eyster 2003; Bailey et al.
2004; Iacopini et al. 2008).

In this study, we present new microstructural,
petrofabric, finite strain and kinematic vorticity data
from two major thrust-related shear zones that for-
med during progressive exhumation/decompression

From: LAW, R. D., BUTLER, R. W. H., HOLDSWORTH, R. E., KRABBENDAM, M. & STRACHAN, R. A. (eds) Continental
Tectonics and Mountain Building: The Legacy of Peach and Horne. Geological Society, London, Special Publications,
335, 687–714. DOI: 10.1144/SP335.28 0305-8719/10/$15.00 # The Geological Society of London 2010.



of the high-pressure nappes of the Attico-Cycladic
Massif (Aegean region, Greece; Fig. 1). Earlier
works in the western part of the Attico-Cycladic
Massif have yielded conflicting conclusions
about the sense of nappe translation (see below).
Therefore, the goal of this work is twofold: on the
one hand, to reconcile conflicting interpretations
by direct examination of kinematic data from
thrust-related tectonites, and on the other, to exa-
mine spatial variation of kinematic vorticity and
strain within both ductile thrust zones. Finally, the
formation, stacking and exhumation of the studied
high-pressure nappes are discussed in the light of
new results.

Geological setting

The Attico-Cycladic Massif (ACM) occupies an
internal position within the Alpine orogenic belt of
the Hellenides (Fig. 1). It exposes a complex pile
of high-pressure (HP) nappes/units, which is tecto-
nically overlain by the Pelagonian zone, a belt of
imbricated pre-Alpine crystalline rocks and Meso-
zoic marbles also belonging to the Internal Helle-
nides (Mountrakis 1986; Doutsos et al. 1993;
Anders et al. 2007).

The study area is situated in the westernmost end
of the ACM and includes Attica and the south part of
the island of Evia (Figs 1 & 2). Here, the ACM has

Fig. 1. Sketch map of major tectonic elements in Greece and western Turkey. Inset shows the position of the Hellenides
in the Alpine chain (modified after Coward & Dietrich 1989).
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Fig. 2. Geological map of the northwestern part of the Attico-Cycladic Massif in eastern Attica and south Evia,
showing locations of the Evia and Ochi thrust zones. Stretching lineation (L2) in different structural levels of the ACM
is also shown. Note that the preferred orientation of greenschist facies minerals is strictly parallel to that of the
high-pressure minerals. For the location of map see Figure 1; a, b, c and d indicate the geographic position of
cross-sections in Figure 3. Inset shows P–T paths of the Cycladic Greenschist-Blueschist (CGB) unit (Katzir et al. 2000)
and Basal unit (Shaked et al. 2000).
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traditionally been divided into two main tectonically
stacked units: the para-authochthonous Basal unit
(or Almyropotamos unit in the local literature) and
the overlying allochthonous Cycladic Greenschist-
Blueschist (CGB) unit (Marinos & Petrascheck
1956; Dürr et al. 1978; Katsikatsos et al. 1986),
which are separated by a major ductile thrust
(Jacobschagen 1986; Kessel 1990; Avigad et al.
1997; Xypolias et al. 2003), referred to as the Evia
thrust (Figs 2 & 3). However, there is still no con-
sensus about the sense of emplacement of the
CGB over the Basal unit. Structural observations
from Evia have been used to infer SE- (Shaked
et al. 2000), ENE- (Xypolias et al. 2003) and
WSW- (Ring et al. 2007) directed emplacement.

The Basal unit mainly consists of a thick (c.
2000 m) series of Mesozoic marbles and schists
with minor lenses of mafic and ultramafic rocks,
overlain by a metapelitic sequence which is inter-
preted as metaflysch (Fig. 2). Glaucophane relics
and Si-rich phengites in the metapelitic sequence
imply that the Basal unit underwent HP-meta-
morphism (c. 350 8C/8–10 kbar; c. 30–35 km
depth; Shaked et al. 2000) (Fig. 2). However,
there is still much confusion regarding the age of
this HP-event due to difficulties in obtaining reliable
radiometric age data. Ring & Reischmann (2002)
proposed that HP-metamorphism is early Miocene
(c. 23 Ma) in age. Bröcker et al. (2004) instead
argued that the Basal unit experienced pre-Miocene
HP-metamorphism and early Miocene greenschist-
facies overprinting, a contention which is also in
agreement with chronostratigraphic interpretations
proposing that this HP-event commenced in late
Eocene-Oligocene (e.g. Avigad et al. 1997).

The CGB unit is built up of two distinct nappes/
units known as Styra and Ochi nappes (Figs 2 & 3;
Katsikatsos et al. 1986). The contact between these
nappes, hereinafter named the Ochi thrust zone, is
interpreted as an ENE-directed shear zone rather
than a discrete fault surface (Ring et al. 2007;
this study). The structurally lower Styra nappe is
composed of a c. 2000 m thick metasedimentary
succession of calcite-rich marbles and schists with
quartzite intercalations, as well as serpentinite
bodies near its base. The overlying Ochi nappe has
a minimum structural thickness of 2000 m and is
made up chiefly of meta-volcanogenic rocks, meta-
cherts, calcareous schists and quartzite interbeds,
as well as quartzofeldspathic schists and gneisses.
Isolated lens-shaped bodies of mafic to ultramafic
meta-igneous rocks occur throughout the rock pile
of the Ochi nappe but they mainly line up along
the tectonic contact with the underlying Styra
nappe. Petrological studies and radiometric dating
in the study area and vicinity have recorded a meta-
morphic history for the CGB unit that includes an
epidote – blueschist facies metamorphism (M1,

Tmax ¼ 450 8C; Pmin ¼ 11 kbar; depth .40 km) of
Eocene age (c. 50–40 Ma), followed by a green-
schist to pumpellyite–actinolite facies overprint
(M2, Tmax ¼ 350 8C; P ¼ 4–7 kbar; c. 15–25 km
depth) at the Oligocene–Miocene boundary
(c. 25 Ma) (Fig. 2; Altherr et al. 1979; Maluski
et al. 1981; Bröcker 1990; Baltatzis 1996; Shaked
et al. 2000; Katzir et al. 2000; Tomascheck et al.
2003; Bröcker et al. 2004). Textural observations
and mineral assemblages described by Shaked
et al. (2000) and Katzir et al. (2000) also imply
that peak metamorphic conditions of the M1 event
slightly increase towards the upper structural
levels (Ochi nappe) of the CGB unit. The green-
schist facies overprint (M2) was characterized by a
decrease in M2 temperature towards the base of
the unit (Katzir et al. 2000). Throughout the
ACM, the degree of retrogression considerably
increases downward and pervasively overprinted
greenschist facies rocks predominate at the lower
structural levels of the CBG unit (Bröcker et al.
2004 and references therein).

Main structures and fabrics

The Evia thrust zone

The base of the Styra nappe is characterized by a
50–200 m wide zone of strongly foliated to myloni-
tic calc-schist, mica schist and quartzite related to
the Evia thrust. However, strongly sheared rocks
displaying mylonitic texture are present in thin par-
allel bands, up to several hundred metres above the
thrust plane. Mylonitic foliation (Sm) is marked by
planar aggregates of greenschist facies related
minerals (e.g. actinolite and albite), and fine-grained
recrystallized quartz. Mylonitic rocks preserving
evidence for HP-metamorphism were not found.
The Sm bears a well developed ENE–WSW trend-
ing stretching lineation (Lm; Fig. 2), which is paral-
lel to hinges of isoclinal folds preserved in low strain
domains. Greenschist facies overprint was also syn-
tectonic with development of the axial-planar S2

foliation and L2 stretching lineation, which are the
dominant structural fabrics in the Styra nappe
(Fig. 2; Xypolias et al. 2003). Both, S2 and L2 are
sub-parallel to Sm and Lm, respectively. Rocks of
the Styra nappe commonly retain evidence for at
least one schistosity (S1) that is transposed into the
dominant S2 foliation. Where D2 strain is low, com-
positional layering in the schist and marble is sub-
parallel to S1.

Beneath the Evia thrust, a c. 50 m thick zone of
strongly foliated to (ultra-)mylonitized marbles of
the Basal unit is observed in Attica. A shallow
ENE–WSW trending stretching lineation (Lm) is
defined by micaceous streaks on mylonitic foliation
planes of impure marbles. Thin ultramylonites
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Fig. 3. Synthetic transect showing geometric relationship between the Evia and Ochi thrust zones in the Attico-Cycladic Massif. The structural position of the analysed
samples, relative to the two aforementioned thrust zones, is also illustrated. The locations of cross-sections a, b, c, d are shown in Figure 2; section b modified after Lozios
(1993). Legend as in Figure 2.
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locally display a roughly north–south trending
lineation, which is interpreted to reflect ‘rolling’
lineation development as described by Passchier
(1997). In deeper structural levels of the Basal unit
in Attica, compositional layering (S1) is strongly
deformed by tight to isoclinal, map-scale, ductile
folds and a series of east-directed ductile shear
zones (Fig. 3b). The axial-planar foliation (S2) of
these folds as well as the shear zones are sub-parallel
or at low angle to the Evia thrust. In Evia, the thick-
ness of mylonitic marbles at the top of the Basal unit
is minimal implying a general narrowing of the
deformation zone towards the east. Moreover,
there is no robust evidence for ductile tight to iso-
clinal folding within the Basal unit marble. These
features possibly imply that the intensity of ductile
deformation within the Basal unit reduces eastwards
(see also Xypolias et al. 2003).

Based on the above-mentioned findings, it seems
that formation of the Evia thrust zone was broadly
synchronous with the greenschist facies overprint
affecting the Styra nappe. Moreover, it should be
noted that the Evia thrust zone and adjacent rocks
were overprinted by contractional and extensional
structures developed under semi-ductile to brittle
deformation conditions (for details see Gautier &
Brun 1994; Doutsos & Kokkalas 2001; Xypolias
et al. 2003; Kokkalas et al. 2006; Papanikolaou &
Royden 2007).

The Ochi thrust zone

The Ochi thrust zone, cropping out in the southern-
most Evia (Figs 2 & 3), is a ductile shear zone up to
several hundred metres thick. The upper part of the
zone is marked by the heterogeneously deformed
rocks of the Ochi nappe which commonly have
textures ranging from proto- to ultra-mylonite
(Fig. 4a, b). In quartz-rich tectonites, the mylonitic
foliation (Sm) is defined by the shape preferred
orientation of fine-grained acicular blue- and/or
green amphibole and white mica as well as
elongated quartz ribbons. Both amphiboles are
strongly aligned in the Sm exhibiting a consistent
ENE–WSW trend (Fig. 2; see also Ring et al.
2007). Notably, alteration of blue amphibole to
greenschist facies related minerals along the Sm, is
observed throughout the Ochi thrust zone but the
degree of alteration strongly depends on the defor-
mation intensity, and the most highly sheared
rocks have been completely reconstituted to greens-
chists. Structurally above the heterogeneous zone,
an earlier high-pressure S1 foliation (defined by
blue amphibole – epidote + garnet) is deformed
by an axial-planar foliation (S2) that is defined by
the alignment of acicular blue amphibole (intact)
aggregates (Fig. 4c). S2 and the accompanying
mineral/stretching L2 lineation are sub-parallel to

the Sm and Lm, respectively. Beneath the Ochi
thrust plane, the rocks of the Styra nappe are incre-
asingly affected by a penetrative transposition foli-
ation (S2) that is locally mylonitic in the thrust
zone. Shear zone related rocks exhibit similar defor-
mation/metamorphic relationships with the tecto-
nites at the upper part of the zone (Ochi nappe).
However, the preservation of HP-related minerals
within the Styra nappe rocks is remarkably lower.

The above findings are in agreement with the
recent study by Ring et al. (2007) and imply that
main movements along the Ochi thrust zone occurred
during greenschist-facies retrogression of the HP-
assemblages. However, early, less penetrative,
ductile shearing at the base of the Ochi nappe was
coeval with the growth of fine-grained HP-related
minerals. Abundant early Oligocene ages (30–
35 Ma; Maluski et al. 1981) for glaucophane-bearing
rocks of the Ochi nappe in combination with the
above observations (Fig. 4c) indicate that early
ductile shearing along the Ochi thrust post-dates
peak HP-metamorphism of Eocene (40–50 Ma) age.

Microstructural and petrofabric analysis

A total of 38 orientated quartz-rich samples from
the two thrust-related shear zones were selected for
microstructural and petrofabric analysis. In detail,
23 of these samples were taken from horizons
lying within the Evia thrust zone in Attica, while
the remaining 15 are from the Ochi thrust zone.
Locations of all samples have been projected on
four representative cross-sections (Fig. 3). The geo-
graphic co-ordinates of each sample locality are
given in Appendix A while the estimated sampling
distances measured perpendicular to the thrust
planes are given in Tables 1 and 2.

Each selected sample displays, in thin section, a
single and homogeneously developed foliation (Sm)
and exhibits an ENE- to NE-trending stretching
lineation (Lm). All microstructural and crystal
fabric data were taken from thin-sections orientated
parallel to the stretching lineation (X) and perpen-
dicular to the foliation (XY). Petrofabric analysis
of quartz c-axis preferred orientation was carried
on XZ thin-sections using a Leitz universal stage
mounted on an optical microscope. The c-axis data
are presented on equal-area, lower hemisphere
projections (Appendix B), whose plane of projec-
tion is the XZ principal plane. The contouring of
these data (Figs 5 & 6) were made using the PC-
software package StereoNett (by J. Duyster; Ruhn-
Univerität Bochum).

Microstructures

In all samples, quartz exceeds 75% of total sample
composition and shows evidence of extensive
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Fig. 4. Micrographs of samples from the CGB unit in the Evia and Ochi thrust zones; all micrographs are from thin
sections cut perpendicular to foliation and parallel to stretching lineation and are viewed toward the NNW. Scale bar in
each micrograph is 0.3 mm. (a) Sample KR14: back-rotated (central part) s-type plagioclase feldspar (Fld)
porphyroclasts embedded in ductily deforming matrix consisting of phyllosilicate, recrystallized quartz and epidote.
The porphyroclast is mantled by wedge-shaped recrystallized tails extending from its broad sides (top right and bottom
left) indicating top-to-the ENE sense of shear; Sm: mylonitic foliation (crossed nicols). (b) Sample KR15: typical
quartzite from the studied thrust zones showing evidence of extensive dynamic recrystallization. The elongate and
deformed quartz ribbons form a well-developed shape-preferred orientation which defines the mylonitic foliation (Sm)
(crossed nicols). (c) Sample from the upper structural levels of the Ochi nappe showing two foliations (S1, S2) both
defined by the alignment of acicular blue amphibole (B-Am) crystals (plane polarized light). (d) Sample L33: elongate,
dynamically recrystallized quartz grains displaying a preferred shape alignment (Sq) oblique to the mylonitic foliation
(Sm); top-to-the ENE shear sense indicated by the observed sense of obliquity (crossed nicols). (e) Sample L46: single
set of shear bands indicating top-to-the-ENE sense of shear preferably developed in a phyllosilicate-rich domain
inter-bedded in quartz (Qtz)-rich zones (plane polarized light).
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Table 1. Petrofabric, microstructural, strain and vorticity data for samples from the Evia thrust zone

Sample Unit/nappe D (m) Strain analysis b* (deg) d* (deg) Vorticity analysis (Wm)

X Y Z RXY RYZ RXZ k 1s Method 1 Method 2 Method 3

TD51 Styra þ400 1.77 1.07 0.53 1.65 2.02 3.33 0.64 0.86 03–05 – – 0.22–0.36 –
L77 Styra þ180 1.74 1.12 0.51 1.55 2.20 3.41 0.46 0.88 12–16 14 – 0.74–0.87 0.79–0.87
L2 Styra þ110 – – – – – – – – – – 0.80 + 0.07 – –
L103 Styra þ100 1.82 0.94 0.58 1.94 1.61 3.12 1.54 0.81 10–15 – – 0.62–0.82 –
L32 Styra þ60 2.07 1.05 0.46 1.97 2.28 4.49 0.76 1.06 09–16 – – 0.70–0.93 –
L11 Styra þ60 2.11 1.01 0.47 2.10 2.14 4.49 0.96 1.06 15–19 – – 0.91–0.97 –
L18 Styra þ50 1.90 1.03 0.51 1.85 2.01 3.72 0.84 0.93 13–17 17 – 0.80–0.91 0.87–0.93
L19 Styra þ50 1.71 1.05 0.56 1.63 1.89 3.08 0.71 0.80 14–16 – – 0.78–0.85 –
L44 Styra þ50 2.04 0.91 0.54 2.24 1.69 3.79 1.79 0.95 – – – – –
L38 Styra þ40 2.31 0.98 0.44 2.36 2.21 5.22 1.12 1.17 10–13 12 – 0.79–0.89 0.69–0.77
L67 Styra þ40 2.21 1.16 0.39 1.90 2.99 5.68 0.45 1.24 – – – – –
L93 Styra þ35 1.96 0.98 0.52 1.99 1.90 3.78 1.10 0.94 08–12 – – 0.59–0.77 –
L17 Styra þ30 2.41 0.91 0.45 2.64 2.02 5.33 1.61 1.19 05–10 – – 0.50–0.80 –
L6 Styra þ30 2.07 0.93 0.52 2.22 1.81 4.02 1.51 0.99 07–11 14 – 0.54–0.75 0.67–0.77
L33 Styra þ25 2.12 1.04 0.45 2.03 2.31 4.69 0.79 1.09 13–16 16 – 0.87–0.93 0.85–0.90
L62 Styra þ15 1.97 0.96 0.53 2.06 1.80 3.71 1.33 0.93 15–19 18 – 0.86–0.94 0.91–0.96
L102 Styra þ10 2.48 0.95 0.43 2.61 2.23 5.82 1.31 1.25 13–16 – – 0.92–0.97 –
L22 Styra þ10 2.15 1.01 0.46 2.14 2.18 4.67 0.97 1.09 – – – – –
L74 Styra þ10 2.29 0.93 0.47 2.45 1.99 4.88 1.46 1.12 – 16 – – –
L58 Styra þ5 – – – – – – – – – – 0.75 + 0.08 – –
L46 Styra þ3 2.58 0.97 0.40 2.67 2.41 6.43 1.18 1.32 09–12 18 – 0.81–0.91 0.81–0.87
TD37 Basal 2120 – – – – – – – – – – 0.82 + 0.07 – –
TD58 Basal 2150 – – – – – – – – 10–14 20 – – 0.87–0.93

D, distance from the thrust plane; * For definition see Figure 5.
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Table 2. Petrofabric, microstructural, strain and vorticity data for samples from the Ochi thrust zone

Sample Unit/nappe D (m) Strain analysis b* (deg) d* (deg) Vorticity analysis (Wm)

X Y Z RXY RYZ RXZ k 1s Method 1 Method 2 Method 3

KR23 Ochi þ560 2.73 0.84 0.44 3.26 1.91 6.23 2.48 1.31 14 – 17 – – 0.94–0.98 –
KR12 Ochi þ550 2.65 0.82 0.46 3.22 1.80 5.80 2.78 1.27 13 – 20 21 – 0.91–0.99 0.93–0.99
KR13 Ochi þ460 2.84 0.85 0.42 3.35 2.04 6.83 2.26 1.37 – – – – –
KR27 Ochi þ420 2.99 0.89 0.37 3.35 2.38 7.97 1.70 1.47 07 – 11 12 – 0.78–0.93 0.61–0.72
KR24 Ochi þ320 2.36 0.88 0.48 2.68 1.83 4.90 2.02 1.14 06 – 10 – 0.55 + 0.10 0.55–0.77 –
KR9 Ochi þ200 2.55 0.86 0.45 2.95 1.90 5.61 2.17 1.23 08 – 11 12 – 0.72–0.85 0.64–0.72
KR16 Ochi þ130 2.46 0.89 0.46 2.77 1.95 5.40 1.86 1.20 07 – 11 14 – 0.65–0.84 0.67–0.77
KR14 Ochi þ100 2.80 0.88 0.41 3.20 2.15 6.88 1.91 1.37 15 – 19 – 0.80 + 0.07 0.97–0.99 –
KR15 Ochi þ50 3.23 0.79 0.39 4.11 2.00 8.22 3.11 1.52 16 – 20 15 – 0.99 0.88–0.93
KR25 Ochi þ10 2.81 0.88 0.40 3.18 2.20 7.00 1.82 1.38 12 – 16 – 0.86 + 0.05 0.93–0.98 –
KR17 Ochi þ10 2.98 0.89 0.38 3.36 2.35 7.90 1.75 1.47 10 – 14 16 – 0.90–0.97 0.79–0.87
KR10 Styra 210 – – – – – – – – – – – – –
KR1 Styra 250 2.81 0.82 0.43 3.41 1.90 6.48 2.68 1.34 05 –09 12 – 0.64–0.87 0.56–0.67
KR18 Styra 2280 2.64 0.86 0.44 3.08 1.95 6.01 2.19 1.28 15 – 19 11 – 0.96–0.99 0.79–0.86
KR19 Styra 2780 2.83 0.86 0.41 3.29 2.10 6.91 2.08 1.38 – – – – –

D, distance from the thrust plane; * For definition see Figure 5.
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Fig. 5. Optically measured quartz c-axis fabrics from 20 samples collected from the Evia thrust zone in Attica; lower
hemisphere equal-area projections; foliation is orientated left-right and vertical; lineation is horizontal; all the XZ
section planes are approximately viewed towards the NNW. Contours are generally 0.5, 1, 1.5, 2, 2.5, 3 times uniform
distribution. Orientations of oblique grain shape fabric (Sq) and shear band sets have been marked for samples where
these microstructures were observed. The c-axis fabric conventions and definitions of angles c, b and d used in the paper
are given at the bottom row. The structural positions of the samples are shown in Figure 3 (sections a, c) while the
geographic co-ordinates of each sample locality are given in Appendix A.
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dynamic recrystallization accommodated by either
subgrain rotation or low-temperature grain-
boundary migration (i.e. transitional between
regime 2 and regime 3 of Hirth & Tullis 1992).
The volume fraction of quartz recrystallization
within samples ranges between 60% and 90%.
Highly elongate ribbon grains lying in the plane of
foliation (Sm) are locally preserved (Fig. 4b). Dyna-
mically recrystallized quartz grains are also
elongate with their long axes orientated obliquely
to the Sm or parallel to it in domains with relatively
high phyllosilicate content. Oblique grain-shape
fabric (Sq) was locally recognized in 17 of the 38
samples selected for detailed analysis (Fig. 4d).

The maximum observed angle between Sm and Sq

generally varies from 10–208 (Tables 1, 2; Figs 5
& 6). Similar angular relationships have been
described elsewhere in quartz-rich tectonites that
have undergone non-coaxial deformation (e.g.
Law et al. 1986) and the sense of obliquity can be
used as a shear sense indicator. A consistent
top-to-the-ENE shear sense is indicated by all the
17 quartz-rich tectonites displaying an obliquity
between Sm and Sq. The same shear sense is inferred
from single sets of extensional shear bands (Platt &
Vissers 1980) observed in seven samples containing
domains of relatively high phyllosilicate content
(Figs 4e, 5 & 6). The angle of obliquity between

Fig. 6. Optically measured quartz c-axis fabrics from 15 samples collected from the Ochi thrust zone in Evia;
lower hemisphere equal-area projections; foliation is orientated left-right and vertical; lineation is horizontal; all the XZ
section planes are viewed towards the NNW. Contours are generally 0.5, 1, 1.5, 2, 2.5, 3 times uniform distribution.
Orientations of oblique grain shape fabrics (Sq) and shear band sets have been marked for samples where these
microstructures were observed. For explanation of quartz c-axis fabric diagrams and related microstructures see
Figure 5. The structural positions of the samples are shown in Figure 3 (section d) while the geographic co-ordinates
of each sample locality are given in Appendix A.
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shear bands and Sm ranges between 20 and 358.
Weakly developed conjugate shear bands with
top-to-the-ENE and WSW senses of displacement
are locally recorded in eight samples (Figs 5 & 6).
However, the top-to-the-ENE set is dominant in
the majority of the samples.

Some samples (e.g. L2, L58, TD37, KR14,
KR24, KR25), from both thrust zones, contain
undeformed plagioclase feldspar porphyroclasts
that are orientated at various angles with respect to
Sm. Elongate porphyroclasts orientated at moderate
to high angles (.308) to foliation display d- or
s-tails and give consistent top-to-the-ENE sense
of shear (Fig. 4a). In turn, s-type clasts orientated
at low angles to Sm indicate either top-to-the-ENE-
or top-to-the-WSW-directed shearing, however the
former s-clast set is dominant. These microstruc-
tural features possibly indicate a component of
pure shear during ductile deformation (see
Simpson & DePaor 1997; Klepeis et al. 1999 for
similar cases).

Quartz c-axis fabrics

Quartz petrofabric analysis was carried out in 35
samples. In each sample, c-axis measurements of
350 to 900 recrystallized grains in pure quartz
regions have been taken. Quartz grains in proximity
to shear bands and feldspar porphyroclasts were not
measured to avoid effects of local strain heterogene-
ities. The majority of analysed samples are charac-
terized by well developed quartz c-axis fabrics
(Figs 5 & 6). The intensity of the crystallographic
preferred orientation appears to be lower in three
samples (L44, L67, L74) collected from the Evia
thrust zone. All three samples contain a relatively
high proportion (c. 20–25%) of phyllosilicates
and/or other mineral phases. Fabrics from both
thrust zones generally exhibit similar characteristics
(Figs 5 & 6). In terms of density distribution, the
standard pattern is type I cross-girdles (Lister
1977) with discrete and well developed point
maxima at moderate to high angles to the foliation
trace. Fabrics closer to type II cross-girdles and
cleft-girdles are displayed by samples KR13 and
KR10, respectively (Fig. 6).

Of the 20 quartz c-axis fabrics measured from
the Evia thrust zone, 13 are distinctly asymmetrical
(in terms of both topology and density distribution)
with respect to foliation and lineation, indicating a
top-to-the-ENE sense of shear (Fig. 5). Less
clearly defined fabric asymmetry consistent with
an ENE shear sense was recognized in five
samples (L6, L17, L44, L74, TD51; Fig. 5). In all
these fabrics, the inferred shear sense is supported
by the obliquity (angle c) of the central girdle
segment, which varies between 70 and 858, as well
as by microstructural shear sense indicators (where

observed) described above (Fig. 5; Table 1). One
sample (L22) yielded a nearly symmetrical fabric,
while a top-to-the-WSW sense of shear is documen-
ted by asymmetry of fabric density distribution in
sample L67 (Fig. 5). No unequivocal microstruc-
tural shear sense indicators were observed in
these samples.

Twelve out of 15 samples collected from the
Ochi thrust zone, also display an obliquity (c. 70–
858) of the central girdle segment with respect to
the foliation trace, which is indicative of a
top-to-the-ENE sense of shear. This shear sense is
independently supported by microstructural data.
Fabric diagrams from three samples (KR1, KR10,
KR19) are nearly symmetrical with respect to foli-
ation in terms of both topology and density distri-
bution (Fig. 6). All three samples are collected
from the upper part of the Styra nappe. Two of
these (KR1, KR10) are located at projected dis-
tances of 10 and 50 m below the Ochi thrust plane
(Fig. 3; Table 2).

Finite strain analysis

For the purpose of this study, we performed strain
analysis on 33 samples that include elongate ribbon-
like quartz grains showing little or no evidence of
dynamic recrystallization. Two mutually perpen-
dicular thin sections were cut from each specimen:
one (XZ section) parallel to the lineation and
normal to the foliation and one (YZ section) perpen-
dicular to both the lineation and foliation. In each
section the traces of 100–150 grain outlines were
input into the program SAPE (Mulchrone et al.
2005), which automatically approximates complex
grain shapes as ellipses and extracts Rf-w data.
The extracted data for each section were analysed
using the theta-curve method of Lisle (1985). Calcu-
lations of best-fit RXZ and RYZ values were made uti-
lizing the strain analysis program of Mulchrone &
Meere (2001). Maximum uncertainty in strain
ratio has been estimated to be +0.3 (see also
Yonkee 2005; Xypolias et al. 2007). Assuming con-
stant volume deformation, the 3D strain was deter-
mined by combining 2D data from the assumed
RXZ and RYZ principal planes of the strain ellipsoid
(Ramsay & Huber 1983). Results of the strain analy-
sis are presented in Tables 1 and 2, and in Figure 7.

The determined strain ellipsoids for the samples
of the CGB unit cover a wide spectrum of geome-
tries with the values of the Flinn’s parameter (k)
ranging between 0.45 (flattening strain) and 3.11
(constrictional strain) (Tables 1 & 2). However,
comparing the Flinn diagrams from the Evia and
Ochi thrust zones (Fig. 7), it seems that there is a
departure in the strain state between the samples
of the two zones. In the Evia thrust zone (Fig. 7a),

P. XYPOLIAS ET AL.698



data plot in both the apparent flattening and constric-
tional fields but they generally lie close to the plane
strain line (average k ¼ 1.08). This is in agreement
with 3D strain data reported from the Evia thrust
zone in central Evia area, where an average
k ¼ 0.98 has been obtained (Xypolias et al. 2003).
On the other hand, all data from the Ochi thrust
zone (Fig. 7b) plot in the constrictional field
(average k ¼ 2.20). Moreover, samples from the
two thrust zones differ in the range of strain magni-
tude expressed by the Nadai octahedral shear strain
(1s) as well as in the RXZ strain ratio. In the Evia
thrust zone 1s ¼ 0.8 2 1.3 and RXZ ¼ 3.0 2 6.5
while in the Ochi thrust zone 1s ¼ 1.1 2 1.5 and
RXZ ¼ 5.0 2 8.0.

To summarize, the two thrust zones differ in
both strain geometry and magnitude. The structu-
rally higher Ochi thrust zone is characterized by
higher strain magnitude associated with general
constrictional strain. Deformation in the structurally
deeper Evia thrust zone occurred under approxi-
mately plane strain conditions and was character-
ized by lower strain magnitude.

Vorticity analysis

The commonest measure used to quantify the shear-
induced vorticity of flow in general shear zones is
the kinematic vorticity number (Wk). For 2D defor-
mation, this number, which describes the instan-
taneous vorticity of flow, can be expressed as the
cosine of the acute angle a between the flow
apophyses (Bobyarchick 1986; Passchier 1988).
Wk ranges from 0 (¼ cos 908) for pure shear to 1

(¼ cos 08) for simple shear. An equal contribution
of pure and simple shear possibly occurs at a Wk

value of 0.71 (¼ cos 458; Law et al. 2004). In the
analysis of finite deformation the vorticity of flow
is more appropriately described by the mean kin-
ematic vorticity number (Wm) which expresses the
mean value of Wk (Passchier 1988). For steady-state
deformation Wk ¼Wm. Passchier & Trouw (2005)
summarize a number of 2D vorticity methods that
have been suggested over the last two decades.
Most of them are able to estimate Wm rather than
Wk. In this work, we have used three methods to esti-
mate Wm. Wherever possible more than one method
was applied in a given sample, enabling us to evalu-
ate the reliability and consistency of the different
methods. Our analysis is based on the primary assu-
mption that the vorticity profile plane is approxi-
mately parallel to the XZ plane of the finite strain.

Method 1, rigid porphyroclasts

Three main methods (Passchier 1987; Simpson &
DePaor 1993, 1997; Wallis 1995) of rigid porphyr-
oclast analysis have been commonly applied by
several authors (e.g. Klepeis et al. 1999; Xypolias
& Koukouvelas 2001; Law et al. 2004; Bailey
et al. 2004; Jessup et al. 2006; Xypolias & Kokkalas
2006; Iacopini et al. 2008) to estimate Wm in natural
high strain zones. All methods rely on Jeffery’s
(1922) model for rigid inclusions embedded in a
homogeneously deforming ductile matrix. Recently,
Jessup et al. (2007) proposed a new graphical
technique, the Rigid Grain Net (RGN), which unifies
the three vorticity methods. The RGN plots the

Fig. 7. Flinn diagrams with octahedral shear strain, es, contours showing finite strain data collected from the (a) Evia
and (b) Ochi thrust zones.
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orientation of clast long axis with respect to the trace
of foliation against clast shape factor B; the latter
being defined by the relation B ¼ [(Mx)

2 2 (Mn)
2]/

[(Mx)
2
þ (Mn)2] (Passchier 1987), where Mx is the

long axis of the clast and Mn is the short axis. The
vertical parts of the positive and negative semi-
hyperbolas of the RGN are used to determine the
critical B* value (¼ Wm) below which clasts freely
rotate and hence their long axes scatter in a wide
range of orientations, and above which they reach
a stable sink orientation and fall within the two
vertices curves of the RGN (Fig. 8).

The RGN technique was applied in six of our
samples containing a sufficient number of feldspar
porphyroclasts (Figs 4a & 8). They yielded Wm

values in the range of 0.38 to 0.86. All obtained
plots are characterized by well defined cut-off points
implying that strain was high enough to allow rigid
porphyroclasts to reach stable-sink position. In the
opposite case (low strain) the rigid porphyroclast
vorticity method can overestimate the Wm (e.g.
Bailey et al. 2007). This method, in turn, may tend
to underestimate the Wm value if clasts of large
aspect ratio are not present (Law et al. 2004).

Fig. 8. Rigid porphyroclast analysis (vorticity Method 1) for feldspar porphyroclasts in 6 samples from the Evia (TD37,
L2, L58) and the Ochi (KR14, KR24, KR25) thrust zones. Rigid Grain Net (RGN) plots of clast shape factor B* against
the angle between clast long axis and macroscopic foliation. The bold positive and negative semi-hyperbolas correspond
to the cut-off points in each sample and delineate the range of critical B* and hence of Wm values. The upper bound of
Wm range in each sample is thought to be closer to the true value (Law et al. 2004). The number (n) of clasts measured in
each sample is also indicated. See text for details.
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Thus, we consider that within individual samples the
upper bound of the range of Wm values is closer to
the true value (Law et al. 2004). The upper bounds
of Wm within individual samples range between
0.55–0.86 (Fig. 8). Recently, Forte & Bailey
(2007) investigated the uncertainty inherent in the
method 1 and showed that specific Wm values
include a standard error ranging from +0.14 for
end member pure shear to +0.01 for end member
simple shear. By adopting this approach (Forte &
Bailey 2007, fig. 14), we calculate that the best esti-
mated Wm values (upper bound values) have error
bars ranging from +0.05 to +0.10 (Tables 1 & 2).

Method 2, quartz c-axis fabrics and

strain ratio

The method was proposed by Wallis (1992, 1995)
who demonstrated that Wm can be calculated if
both the strain ratio in the XZ plane of the finite
strain (RXZ) and the angle b between the foliation
and the perpendicular to the central girdle of a
quartz c-axis diagram are known. The RXZ data
can be incorporated with b values either using the
Mohr-circle for finite deformation in stretch space
(Wallis 1992) or by applying the following analyti-
cal solution (Xypolias 2009):

Wm ¼ cos tan�1 1� RXZ tan2 b

(1þ RXZ) tanb

� �� �
(1)

The key assumption of the method is that the central
girdle of quartz c-axis fabrics develops orthogonal
to the flow/shear plane during general shearing.
This assumption is supported by both experiments
on analogue materials (e.g. Bouchez & Duval
1982; Herwegh & Handy 1996; Herwegh et al.
1997) and numerical simulation of quartz crystal
fabrics formation (e.g. Lister & Hobbs 1980; Etche-
copar & Vasseur 1987). However, it should be noted
that recently published general shear experiments
on quartz have produced quartz c-axis fabrics
whose leading edge is orientated oblique to the
shear plane and rotates with the shear sense during
progressive deformation (Heilbronner & Tullis
2002, 2006).

Uncertainty in determination of angle b is by far
the largest source of error in Wm estimates obtained
by method 2 (e.g. Grasemann et al. 1999). There-
fore, the method was applied to 27 out of 33
samples where the angle b was possible to be deter-
mined with an uncertainty smaller than +48. The
analysis of samples yielded Wm values in the range
of 0.22–0.97 and 0.55–0.99 for 15 samples from
the Evia and 12 samples from the Ochi thrust
zones, respectively (Tables 1 & 2). Error bars esti-
mated by the minimum and the maximum b
values for each sample, are illustrated in RXZ/b
diagrams of Figure 9. Note also that for the analysed
samples, the error in Wm values arising as a con-
sequence of the uncertainty in estimating strain
ratio is always overlapped by the error in Wm

produced by the uncertainty in assigning b.

Fig. 9. Vorticity numbers (Wm) calculated by Method 2 in CGB unit rocks from the Evia (a) and Ochi (b) thrust zones.
Uncertainties in determination of b-angle have been taken into account. Contours of equal vorticity number (after
Tikoff & Fossen 1995; Grasemann et al. 1999) indicated.
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Method 3, oblique grain shape and quartz

c-axis fabrics

The method was proposed by Wallis (1995) and is
based on the assumption that newly formed recrys-
tallized quartz grains within an oblique grain
shape fabric (Sq) initially grow with their long
axes nearly parallel to the extensional instantaneous
stretching axis (ISA) of flow. Therefore, the
maximum observed angle, d, between the Sm and
Sq in combination with the angle b can provide
information about the acute angle (h) between the
ISA and flow apophyses (h ¼ dþ b; Wallis
1995). The angle h is dependent upon the flow
regime and for steady state deformation is related
to the Wm as follows:

Wm ¼ sin 2h ¼ sin 2(dþ b) (2)

Method 3 has proved applicable to 16 samples
which are characterized by both an oblique grain
shape (Sq) and cross-girdle quartz c-axis fabrics.
Within individual samples the determination of
the angle d was based on at least 200 orientation
measurements of the long axes of grains recrys-
tallized oblique to the main foliation (Sm). In all
analysed samples, the frequency distributions of
the orientation data indicate continuous populations
and occasionally the presence of single outliers
at higher values. The angle d was assigned to be
the maximum angle from each continuous popu-
lation of readings. The best estimated d values are
listed in Tables 1 and 2. For each one of the 16
samples, a range of possible Wm values is estimated,
which reflects the degree of uncertainty in determin-
ing b values from the quartz c-axis diagrams
(Tables 1 & 2). The obtained Wm values vary from
0.67–0.96 and 0.56–0.99 for the samples collected
from the Evia and the Ochi thrust zones,
respectively.

Kinematic vorticity profiles

Results of vorticity analysis of each sample were
plotted against structural distance from the thrust
planes to examine the spatial variation of Wm

values within both deformation zones as well as
the consistency of the different methods (Fig. 10).
From both obtained vorticity profiles, it seems that
among the three vorticity methods, method 2 is
characterized by the greatest uncertainty in esti-
mating Wm values. Moreover, within individual
samples from the Ochi thrust zone, method 2 gener-
ally gives higher Wm values than those obtained
by method 3. In the Evia thrust zone, in turn, the
application of these methods (2, 3) in the same
samples generally yielded consistent Wm estimates

Fig. 10. Graph illustrating the variation in Wm values
versus structural distance from the Evia (bottom) and
Ochi (top) thrust zones. Length of bars reflects the
uncertainty in the calculation of Wm values. For further
details see Table 1. Circles indicate maximum Wm values
as indicated by the presence of conjugate sets of shear
bands (Grasemann et al. 2003) in the corresponding
samples. Note that in the Evia thrust zone, previous Wm

data from the Basal unit are also plotted (em series
samples after Xypolias et al. 2003).
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(Fig. 10; Table 1). Wallis (1995) interpreted the
discrepancy between the results of these two
methods to reflect change of flow regime with
time and suggested that method 3 may records the
final increments of deformation. By analogy, we
could assume that deformation history of rocks in
the Ochi thrust zone was characterized by a tem-
porally increasing pure shear component while in
the Evia thrust zone by a relative steady state flow
regime. The estimated Wm values using method 1
show no evidence of systematic differences with
those obtained by both other two methods. It is
clear, however, that all methods record consistent
pattern of vorticity distribution within both thrust
zones (Fig. 10).

The vorticity profile for the lower part of the
Styra nappe indicates a small downward increase
in Wm values from 0.8 to 0.9 as well as the presence
of two thin domains with higher pure shear com-
ponent of deformation, at distances c. 30–40 m
and c. 5 m above the Evia thrust plane (Fig. 10).
Lower Wm values in one of these thrust parallel
domains are independently supported by the pres-
ence of conjugate sets of shear bands in samples
L93 and L67 (Figs 5 & 10), which implies general
flow with a vorticity number no higher than 0.6–
0.7 (Grasemann et al. 2003). Although the develop-
ment of shear bands is not fully understood, it is
reasonable to assume that they reflect the vorticity
of flow at a late stage of shear zone activity when
the mylonitic foliation has already been established
(Passchier & Trouw 2005). New and previous vorti-
city analysis results (Xypolias et al. 2003) also indi-
cate that rocks of the Basal unit beneath the Evia
thrust experienced a general shear deformation
history with Wm around 0.9.

Within the lower parts of the Ochi nappe, Wm

values are around 0.9 close to the thrust plane
as well as at the top of the section but systemati-
cally decreases towards the middle parts reaching
a value of c. 0.6 at a projected distance of
c. 350 m above the Ochi thrust plane. A progres-
sive upward decrease in Wm is also observed
within the upper parts of the Styra nappe approach-
ing a value of c. 0.6 at a few metres beneath the
thrust plane. The observed spatial variation in Wm

values is also compatible with the presence of con-
jugate sets of shear bands in some of our samples
(KR10, 13, 24; Fig. 6).

Potential lithological control in variation

of vorticity number

Both the Styra and Ochi thrust zones expose a
variety of different lithologies and therefore, there
is a potential that the obtained vorticity profiles,
which are based on analyses in quartz-rich layers,

are affected by flow partitioning between competent
(quartz-rich) and incompetent (mica-rich) domains.
Lister & Williams (1983) suggested, for instance,
that competent layers tend to deform more coaxially
than incompetent layers. However, numerical
models (Ishii 1992; Jiang 1994) have shown that
this suggestion only holds for extremely competent
domains (zero competence factor; see Jiang 1994
for details), which is not the case for our samples
that include a small amount of phyllosilicates.
These numerical models also support that flow in
competent layers can be highly non-coaxial (Ishii
1992; Jiang 1994). Moreover, it is emphasized that
all analysed quartz-rich samples were exclusively
collected from thick, lithologically homogeneous
domains which tend to deform in a manner similar
to the whole system (Ishii 1992). Therefore, the
results of our vorticity analysis seem to satisfac-
torily describe the bulk state of ductile flow within
both thrust zones.

Vertical thinning and transport parallel

elongation

Our vorticity analysis indicates that deformation in
both thrust zones significantly deviates from ideal
simple shear implying ductile thinning of rocks
perpendicular to the thrust planes (flow planes).
For isochoric plane strain deformation, such pro-
blems can be investigated using the equation
proposed by Wallis et al. (1993) for relating Wm

and RXZ values to stretch (S) normal to flow plane
(Fig. 11a). Assuming constant volume deformation,
we integrated the best estimated Wm values of each
of the three vorticity methods with RXZ values from
individual samples and the resulting shortening
estimates were plotted in vertical stretch profiles
(Figs 12a, b). The profile below the Evia thrust
(Fig. 12b) was also compiled using vorticity
and strain data reported from a previous study
(Xypolias et al. 2003). These profiles indicate
a vertical shortening on the order of 20–50% for
both thrust zones, although some clustering
of estimates in c. 30% and c. 45% can be distin-
guished in the Evia and Ochi thrust zones, res-
pectively. Similar vertical thinning values have
recently been reported for other zones of ductile
thrusting such as: the base of the Moine Nappe at
the Stack of Glencoul (50–75%; Law 2010) and
in the Loch Eriboll area (25–55%; Thigpen et al.
2010); some sections of the High Himalayan zone
in the Sutlej Valley (c. 43%; Vannay & Grasemann
2001), Everest region (Law et al. 2004) and Kali
Gandaki River (25–32%; Larson & Godin 2009);
and the Phyllite-Quartzite unit of the External
Hellenides (20–45%; Xypolias & Koukouvelas
2001; Xypolias & Kokkalas 2006).
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Vertical ductile thinning within both thrust zones
implies a component of elongation parallel to thrust
planes in the transport direction. Natural examples
have also shown that even for a small pure shear
component, this transport-parallel stretching can
be significant if strain magnitude is high enough
(Xypolias & Kokkalas 2006). For plane strain defor-
mation, transport-parallel stretching is the recipro-
cal of the vertical shortening value (Wallis 1995).
As emphasized by Law (2010), however, a simply
reciprocal value underestimates or overestimates
the real stretch parallel to flow plane in constric-
tional and flattening strain situations, respectively.
Therefore, the effect of stretch in the intermediate
principal strain axis (Y) should be taken into
account in obtaining meaningful estimates of
transport-parallel elongation associated with short-
ening normal to the flow plane (Fig. 11b). 3D
strain analysis in samples collected from the Ochi
thrust zone indicates ductile deformation within
the general constrictional field with shortening
values of 10–20% along the Y-axis direction

(Table 2, Fig. 7b). The situation is less complex in
Evia thrust zone where 3D strain data plot around
the plane strain line (Fig. 7a). Here, stretch (shorten-
ing or extension) values parallel to the Y-direction
are estimated at 1–16% (Table 1). However, it
should be noted that small changes in the along-
strike stretch can produce large changes in
elongation parallel to flow plane (Fig. 11b).

The values of transport-parallel elongation
obtained from individual samples by considering
stretch in the Y-direction are schematically shown
in profiles of Figure 12c, d. Results indicate an
elongation of approximately 30–90% for the Evia
and 50–160% for the Ochi thrust zones, depending
on structural position and the vorticity method
employed. Moreover, it is striking that although
each profile describes the stretch distribution at
different scales of observation (Fig. 12c v. Fig. 12d),
they exhibit a closely similar pattern showing a
periodic fluctuation of elongation values with
respect to structural distance and a general increase
of values close to both thrust planes. Whether this
similarity observed at different scales is only appar-
ent or whether it reflects fractal behaviour of
deformation in space remains to be investigated.
However, estimates of transport-parallel elongation
must be viewed with caution since they are very
sensitive to small changes in vertical shortening
values used as input data to obtain these estimates
(Law 2010).

Discussion and conclusions

Sense of shear

Quartz-rich tectonites from the Evia and Ochi thrust
zones display a homogeneously developed, green-
schist facies foliation (Sm) and an ENE-trending
mineral stretching lineation (Lm). A dominant top-
to-the-ENE sense of shearing along both thrust
zones is indicated by the asymmetry of quartz
c-axis fabrics with respect to foliation and lineation
(Figs 5 & 6; Appendix B). This inferred shear sense
is independently supported by the observed sense of
obliquity between foliation and shape preferred
orientation of recrystallized quartz grains as well
as by single sets of normal shear bands, which are
locally recognized in domains of relatively high
phyllosilicate content. An overall top-to-the-ENE
movement sense has been documented by previous
studies in different structural levels of the ACM in
central Evia (Xypolias et al. 2003) and neighbouring
islands (e.g. Trotet et al. 2001), using a variety of
kinematic indicators developed under blueschist to
greenschist facies conditions. In contrast, ductile
shear bands indicating a top-to-the-WSW sense of
shear have been recorded by Ring et al. (2007) in
the base of Styra nappe immediately above the

Fig. 11. (a) Equation used for calculation of shortening
(S) perpendicular to flow plane incorporating Wm and
RXZ values (adopted from Wallis et al. 1993). For plane
strain deformation stretch parallel to flow plane in the
transport direction, is given by S21. (b) Curves of
shortening in Z v. extension in X for plane strain
(0% stretch in Y), and corresponding curves for general
flattening (10 to 60% stretch in Y) and constriction
(210 to 230% stretch in Y) (modified after Law 2010).
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Evia thrust. Although HP-related minerals have not
been reported to be associated with these kinematic
indicators, the latter have been used to postulate
the overall sense of nappe emplacement under

blueschist facies conditions. However, abundant
and consistent top-to-the-ENE shear bands devel-
oped under greenschist facies conditions have also
been recognized immediately above the Evia

Fig. 12. (a, b) Percent shortening values measured perpendicular to Ochi and Evia thrust planes (flow planes)
v. structural distance from the thrusts; taking into account both strain ratio RXZ and Wm. (c, d) Corresponding percent
transport-parallel elongation values calculated parallel to the Ochi and Evia thrust planes (flow planes) v. structural
distance from the thrusts; taking into account stretch in Y direction. Different symbols correspond to the three applied
vorticity methods. The individual samples used for this analysis are also shown. Open circles with error bars in the Basal
unit (b, d), correspond to shortening and elongation values calculated for Method 2 data after Xypolias et al. (2003).
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thrust (Ring et al. 2007). Conflicting kinematic evi-
dence for ENE- (e.g. Barton 1976; Doutsos et al.
1993) or WSW- (e.g. Schermer 1993) directed
shearing has also been given for the tectonically
equivalent nappe contact in the Mount Olympos
region (Fig. 1). There is also a long-standing contro-
versy concerning NNE v. SSW sense of movement
along a ductile shear zone in southern Menderes
area (Fig. 1; Whitney et al. 2008 and references
therein), which possibly occupies an analogous
tectonic position.

A possible explanation for the presence of con-
flicting kinematic indicators could be the observed
spatial distribution in the amount of transport-
parallel elongation at the base of the Styra nappe
as well as in the Ochi nappe (Fig. 12). The observed
distribution implies that between thrust parallel
domains, exhibiting significantly different elong-
ation, local zones can occur in which the shear
sense opposes that of the dominant top-to-the-ENE
sense of shear reported here (Fig. 13). Moreover,
it is reasonable to assume that within a mechanically
heterogeneous zone, like the Evia thrust zone, where
quartz- and mica-rich tectonites are interlayered,
much of the local antithetic shearing has been
taken up by micaceous rocks. This assumption is
supported by numerical models (Jiang 1994) for
the variation of internal vorticity in layered rocks
of varied competence which have shown that the
more incompetent the layer, the more likely is
reverse shear. However, this does not mean a
priori that weaker layers should always contain
kinematic indicators implying consistent WSW-
directed (antithetic) shearing. Our microstructural
analysis showed that the shear bands having a
westerly sense of shear occur as members of con-
jugate pairs. This is generally in accordance with
previous work (Shaked et al. 2000) in the lower
part of the Styra nappe in Evia emphasizing that
many outcrops contain ambiguous evidence for the

shear direction. Similar features, including localized
backflow zones and domains with equivocal
kinematic indicators, have been recognized in
many ductile thrust zones and have been interpreted
to reflect significant spatial variation in vorticity
of flow (Law et al. 1984; Platt & Behrmann 1986;
Ratschbacher et al. 1991; Kurz et al. 2001; Grujic
et al. 2002; Xypolias & Kokkalas 2006). Vorticity
profiles recorded in the Evia and Ochi thrust zones
are possibly indicative of such complex situations.
Moreover, taking into account the highly hetero-
geneous nature of ductile deformation within both
thrust zones as well as the significant uncertainties
involved in determining sense of shear from shear
bands (Grasemann et al. 2003; Lexa et al. 2004),
we emphasize that quartz c-axis fabrics are the only
efficient way to infer the overall sense of emplace-
ment within the analysed ductile thrust zones.

Tectonic implication

In the study area, a continent–continent collision
began during the Eocene involving the subduction
of the protolith of the CGB unit beneath the Pelago-
nian microcontinent and the progressive under-
thrusting of the Basal unit (e.g. Doutsos et al.
1993). Microstructural-metamorphism relationships
mentioned in the sections above, imply that east-
directed thrust movements along the Ochi thrust
zone commenced in the early Oligocene after the
main growth of HP-related minerals (Maluski et al.
1981; Ring et al. 2007) and continued until the
greenschist facies retrogression at the Oligocene–
Miocene boundary. The formation of the Evia
thrust zone, in turn, was broadly synchronous with
greenschist facies overprint. This structural/meta-
morphic progression implies an eastward-directed
propagation of deformation during the Oligocene.
As a result, formation and stacking of nappe units
were coeval with exhumation of HP-rocks from
c. 40 to 20 km.

Thrusting alone does not, however, lead to exhu-
mation (Platt 1993), and for this an additional mech-
anism should be involved in bringing HP-rocks
closer to the Earth’s surface. As pointed-out by
various authors (e.g. Wallis et al. 1993; Platt et al.
1998; Vannay & Grasemann 2001; Law et al.
2004; Xypolias & Kokkalas 2006), vertical ductile
thinning and resultant transport-parallel elongation
induced by the pure shear component of defor-
mation makes an important contribution in the net
displacement of the material within deformation
zones and, therefore, it plays a critical role in the
exhumation of HP-rocks. Integration of our vorticity
and strain data indicates ductile thinning and
transport-parallel elongation of the studied shear
zones by 20–50% and 30–160%, respectively,
during exhumation. These values are comparable

Fig. 13. Simplified flow-path partitioning model for
the base of the Styra nappe showing that different
amount of transport parallel elongation may create local
domains in which the shear sense opposes (westward)
that of the dominant sense of shear (eastward).
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with ductile thinning in other metamorphic
sequences in Himalaya (Vannay & Grasemann
2001), Sanbagawa belt (Wallis 1995) and the Exter-
nal Hellenides (Xypolias & Kokkalas 2006).

However, the mechanism by which the ductile
thinning and transport-parallel elongation contrib-
ute in exhumation of HP-nappes is not unique.
Generally, two major alternative mechanisms have
been proposed up to now. Several authors (e.g.
Platt 1993; Wallis et al. 1993; Feehan & Brandon
1999) proposed that a component of ductile exten-
sional flow along a shallow dipping or flat-lying
mid-crustal shear zone should be reflected in
extension of the higher structural units. Under this
mechanism the exhumation of HP-rocks is achieved
by unroofing along the footwalls of low-angle
normal faults. The most reliable indicators of this
mechanism are the downward increase in the
pressure of metamorphism as well as the formation
of extensional sedimentary basins in the upper plate
(Wallis et al. 1993; Platt et al. 1998). Alternatively,
the transport-parallel elongation can contribute to
the upward ductile extrusion of the HP-rocks
(Escher & Beaumont 1997; Vannay & Grasemann
2001; Xypolias & Koukouvelas 2001; Law et al.
2004). In this case, the extruding/exhuming rock
sequence is modelled to represent a tectonic slice
bounded by a basal subduction-related thrust fault
and a roof stretching fault (Law et al. 2006). The
roof stretching fault may display normal or thrust
sense, depending on the motion of the crust above
the extruding material (Godin et al. 2006; Law
et al. 2006; Law 2010).

The mechanism of syn-orogenic extension has
been adopted by many studies in the Aegean
region to explain the removal of overburden from
above the HP-nappes of the ACM. Some authors
assume a continuum of top-to-the-east extensional
shear beginning at Eocene or early Oligocene and
continuing throughout the Oligocene (Schermer
1993; Ring et al. 1999; Trotet et al. 2001).
However, the applicability of this mechanism to
the central Aegean remains highly questionable
since major extensional shear zones or faults that
operated during this time period are, in fact, not
documented (e.g. Avigad et al. 1997). This obser-
vation is in agreement with our findings in Evia
and Attica, as well as with recent work in Syros
Island (Bond et al. 2007) showing that HP-rocks
have experienced pure-shear stretching, manifested
as layer boudinage and ductile thinning without the
development of internal detachments. Furthermore,
Eocene-Oligocene extensional related basins and/
or normal-sense metamorphic breaks within the
ACM have not been reported so far. According to
other authors (Lister et al. 1984; Gautier & Brun
1994), the exhumation of HP-rocks is attributed to
an episode of crustal thinning that was coeval with

the Oligocene-Miocene greenschist facies retro-
gression. This episode has been linked with the
initiation of back-arc extension in the Aegean
region. However, several studies have shown that
Aegean back-arc extension lagged behind a signi-
ficant part of the exhumation process, and is super-
posed on an orogenic wedge that contains HP-rocks
at relatively shallow crustal levels (e.g. Avigad et al.
1997; Schmädicke & Will 2003; Kokkalas et al.
2006; Ring et al. 2007). Moreover, structural and
kinematic analyses in Miocene mollasic basins
and in Miocene intrusions indicate that extension
(back-arc related) in the central Aegean was estab-
lished no earlier than middle Miocene (e.g.
Doutsos et al. 1994; Boronkay & Doutsos 1994;
Xypolias et al. 2003; Koukouvelas & Kokkalas
2003; Kokkalas et al. 2006). Significant evidence
comes from the Evia Island. Here, transpressional
movements in the upper crustal levels caused for-
mation of the synorogenic Kymi basin in the
early–middle Miocene (Aquitanian to lower Serra-
valian) and controlled the accumulation of a
c. 500 m thick sedimentary sequence that onlaps
the Pelagonian rocks (Xypolias et al. 2003). Fault-
slip data analysis in intrabasinal and marginal
faults reveals a transpressional regime with a s1

stress axis trending in a NE–SW orientation
nearly parallel to the transport direction of
HP-nappes (Kokkalas et al. 2006).

The above data indicate that compression
occurred in the upper plate (Pelagonian) during
exhumation and decompression of HP-rocks. There-
fore, we suggest that formation and stacking of the
studied nappes probably occurred under a mechan-
ism of solid-state ductile extrusion similar to that
proposed by Escher & Beaumont (1997) for some
Alpine HP-nappes. This mechanism involves the
formation and stacking of two or more extruding
nappes in a ‘forward-breaking’ thrust sequence,
where the higher and older nappe (e.g. Ochi
nappe) is further flattened and extruded upwards
and eastwards as long as the lower (e.g. Styra
nappe) is formed (Fig. 14). An effect of this tectonic
process is that the contact between the two succes-
sive nappes appears as an ‘apparent normal fault’.
The observed difference in the amount of transport-
parallel elongation above and below the Ochi thrust
plane is compatible with top-down-to the WSW
sense of shearing at the top of the Styra nappe
(Fig. 14). This localized antithetic shearing is also
in accordance with field observations, as well as
microstructural and petrofabric analyses from thin
marble mylonites cropping out just below the Ochi
thrust plane (P. Xypolias, unpubl. data). Moreover,
the deformation within individual extruding
nappes most likely commences as predominantly
simple shear but rapidly changes to a more pure
shear dominated deformation (i.e. a decelerating
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strain path; Simpson & DePaor 1997; Fossen &
Tikoff 1997). A temporally increasing pure shear
component in the Ochi thrust zone can be assumed
based on the observed difference between the Wm

estimates obtained by vorticity methods 2 and 3
(Fig. 10). The observed zones of higher pure shear
component in the Evia thrust zone may also be the
result of the same strain path. The observed vari-
ation in strain geometry, which is characterized by
general constrictional strain in the Ochi nappe and
approximately plane strain in Evia nappe, is also
comparable with strain patterns recorded in the
extruding (U)HP nappes of the Penninic Alps
(Kurz 2005). This general constriction and axial
elongation in the deepest subducted parts of the
Ochi nappe is suggested to be controlled by slab-
pull forces acting on the subducted plate during
progressive exhumation/extrusion of nappes (Kurz
2005). Similarly, several authors (e.g. Krabbendam
& Wain 1997; Barth et al. 2010) have argued that
the exhumation of (U)HP rocks in Western Gneiss
region of Norway was mainly achieved by bulk
constriction, which was probably associated with a
slab break-off mechanism.

Critical reviews by J. Platt, J. Lee, as well as editorial
remarks by R. Law were helpful in reorganizing and clar-
ifying important aspects of this manuscript and are
gratefully acknowledged.

Appendix A

Geographical coordinates of samples

Sample Latitude Longitude

KR1 38801024’ 24819040’

KR9 38801052’ 24819035’

KR10 38801037’ 24819031’

KR12 38804003’ 24822042’

KR13 38804000’ 24823001’

KR14 38803056’ 24823049’

KR15 38802010’ 24819049’

KR16 38802002’ 24819039’

KR17 38801054’ 24819026’

KR18 38801014’ 24819028’

KR19 38800050’ 24819000’

KR23 38802024’ 24821035’

KR24 38803028’ 24822050’

KR25 38804007’ 24823051’

KR27 38803005’ 24821036’

L2 37847049’ 24821016’

L6 37843013’ 24800003’

L11 37843040’ 23859013’

L17 37844005’ 23859008’

L18 37841059’ 23857056’

L19 37841057’ 23857032’

L22 37841014’ 23856017’

L32 37843012’ 24802059’

L33 37841012’ 24802043’

L38 37839058’ 23859027’

L44 37841048’ 23859046’

L46 37840025’ 24801034’

L58 37846047’ 23859010’

L62 37845031’ 23859055’

L67 37845056’ 24800023’

L74 37847024’ 24801029’

L77 37846041’ 24801036’

L93 37844039’ 24803046’

L102 37849006’ 24802031’

L103 37847046’ 24802003’

TD37 38811008’ 23854055’

TD51 38813015’ 23855045’

TD58 38811010’ 23854059’

Appendix B

Lower-hemisphere, equal-area plots of quartz c-axis

orientations

Fig. 14. Two stage schematic tectonic model showing
the ductile exhumation of the Ochi and Styra nappes
under a solid-state extrusion mechanism. Relative
movements of arbitrary reference points (stars) indicate
that thrust contact between the Ochi and Styra nappes
appears as an apparent normal fault.
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Fig. B1.
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SCHMÄDICKE, E. & WILL, T. M. 2003. Pressure–temp-
erature evolution of blueschist facies rocks from
Sifnos, Greece, and implications for the exhumation
of high-pressure rocks in the Central Aegean. Journal
of Metamorphic Geology, 21, 799–811.

SHAKED, Y., AVIGAD, D. & GARFUNKEL, Z. 2000.
Alpine high-pressure metamorphism at the Almyropo-
tamos window (southern Evia, Greece). Geological
Magazine, 137, 367–380.

SIMPSON, C. & DE PAOR, D. G. 1993. Strain and
kinematic analysis in general shear zones. Journal of
Structural Geology, 15, 1–20.

SIMPSON, C. & DE PAOR, D. G. 1997. Practical analysis
of general shear zones using the porphyroclast
hyperbolic distribution method: an example from the
Scandinavian Caledonides. In: SENGUPTA, S. (ed.)
Evolution of Geological Structures in Micro- to
Macro-scales. Chapman & Hall, London, 169–184.

THIGPEN, J. R., LAW, R. D., LLOYD, G. E., BROWN, S. J.
& COOK, B. 2010. Deformation temperatures, vorti-
city of flow and strain symmetry in the Loch Eriboll
mylonites, NW Scotland: implications for the kin-
ematic and structural evolution of the northernmost
Moine thrust zone. In: LAW, R. D., BUTLER,
R. W. H., HOLDSWORTH, R. E., KRABBENDAM, M.
& STRACHAN, R. A. (eds) Continental Tectonics
and Mountain Building: The Legacy of Peach and
Horne. Geological Society, London, Special Publi-
cations, 335, 623–662.

TOMASCHEK, F., KENNEDY, A. K., VILLA, I. M., LAGOS,
M. & BALLHAUS, C. 2003. Zircons from Syros,
Cyclades, Greece – recrystallization and mobilization
of zircon during high-pressure metamorphism. Journal
of Petrology, 44, 1977–2002.

TOY, V. G., PRIOR, D. J. & NORRIS, R. J. 2008. Quartz
fabrics in the Alpine Fault mylonites: influence of
pre-existing preferred orientations on fabric develop-
ment during progressive uplift. Journal of Structural
Geology, 30, 602–621.

VORTICITY OF FLOW IN DUCTILE THRUST ZONES 713



TROTET, F., JOLIVET, L. & VIDAL, O. 2001. Tectono-
metamorphic evolution of Syros and Sifnos islands
(Cyclades, Greece). Tectonophysics, 338, 179–206.

VANNAY, J. C. & GRASEMANN, B. 2001. Himalayan
inverted metamorphism and syn-convergence exten-
sion as a consequence of a general shear extrusion.
Geological Magazine, 138, 253–276.

WALLIS, S. R. 1992. Vorticity analysis in a metachert
from the Sanbagawa Belt, SW Japan. Journal of Struc-
tural Geology, 14, 271–280.

WALLIS, S. R. 1995. Vorticity analysis and recognition of
ductile extension in the Sanbagawa belt, SW Japan.
Journal of Structural Geology, 17, 1077–1093.

WALLIS, S. R., PLATT, J. P. & KNOTT, S. D. 1993.
Recognition of syn-convergence extension in accre-
tionary wedges with examples from the Calabrian arc
and the eastern Alps. American Journal of Science,
293, 463–495.

WHITNEY, D. L., TEYSSIER, C., KRUCKENBERG, S. C.,
MORGAN, V. L. & IREDALE, L. J. 2008. High-
pressure–low–temperature metamorphism of metase-
dimentary rocks, southern Menderes Massif, western
Turkey. Lithos, 101, 218–232.

WILLIAMS, P. F., JIANG, D. & LIN, S. 2006. Interpretation
of deformation fabrics of infrastructure zone rocks in
the context of channel flow and other tectonic models.
In: LAW, R. D., SEARLE, M. P. & GODIN, L. (eds)
Channel Flow, Ductile Extrusion and Exhumation
in Continental Collision Zones. Geological Society,
London, Special Publications, 268, 221–235.

XYPOLIAS, P. 2009. Some new aspects of kinematic vor-
ticity analysis in naturally deformed quartzites.
Journal of Structural Geology, 31, 3–10.

XYPOLIAS, P. & DOUTSOS, T. 2000. Kinematics of rock
flow in a crustal-scale shear zone: implication for the
orogenic evolution of the southwestern Hellenides.
Geological Magazine, 137, 81–96.

XYPOLIAS, P. & KOKKALAS, S. 2006. Heterogeneous
ductile deformation along a mid-crustal extruding
shear zone: an example from the External Hellenides
(Greece). In: LAW, R. D., SEARLE, M. P. & GODIN,
L. (eds) Channel Flow, Ductile Extrusion and Exhuma-
tion in Continental Collision Zones. Geological
Society, London, Special Publications, 268, 497–516.

XYPOLIAS, P. & KOUKOUVELAS, I. 2001. Kinematic vor-
ticity and strain rate patterns associated with ductile
extrusion in the Chelmos Shear zone (External Helle-
nides, Greece). Tectonophysics, 338, 59–77.

XYPOLIAS, P., KOKKALAS, S. & SKOURLIS, K. 2003.
Upward extrusion and subsequent transpression as a
possible mechanism for the exhumation of HP/LT
rocks in Evia Island (Aegean Sea, Greece). Journal
of Geodynamics, 35, 303–332.

XYPOLIAS, P., CHATZARAS, V. & KOUKOUVELAS, I. K.
2007. Strain gradients in zones of ductile thrusting:
insights from the External Hellenides. Journal of
Structural Geology, 29, 1522–1537.

YONKEE, A. 2005. Strain patterns within part of the
Willard thrust sheet, Idaho–Utah–Wyoming thrust
belt. Journal of Structural Geology, 27, 1315–1343.

P. XYPOLIAS ET AL.714
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Abstract: The ‘Mylonite Zone’ (MZ) forms a major, arcuate terrane boundary in the Precambrian
Sveconorwegian orogen of SW Scandinavia. SE-directed thrusting along this curvilinear shear
zone emplaced the higher-grade Idefjorden Terrane to the west onto the lower-grade Eastern
Segment terrane to the east. Detailed structural characterization of the MZ mylonites in two differ-
ent localities (Värmlandsnäs and Bua peninsulas) reveals a complex three-dimensional strain
pattern. Inclined transpression is inferred on the basis of coexisting (and broadly coeval) foli-
ation-parallel oblique shearing (resolvable in a strike-slip and dip-slip component) and across-
foliation shortening. The former accommodated the transpressive component of the MZ, and its
kinematics is either sinistral or dextral depending on the local strike of the MZ with respect to
the regional thrust shortening vector. The latter led to pure-shear shortening perpendicular to the
thrust sheet and subsequent lateral extrusion parallel to the mylonitic foliation via the development
of antithetic displacements. No significant strain partitioning is observed at the meso-scale and
strain is thus truly triclinic. The example described is an outstanding case of triclinic deformation,
confirms theoretical analyses of complex strain models and adds valuable natural field constraints
to our knowledge of deformation in the crust.

The description and understanding of the complex
way in which deformation is localized and accom-
modated in the crust has greatly benefited from the
introduction of three-dimensional (3D) strain
models such as transpression and transtension (e.g.
Sanderson & Marchini 1984; Fossen & Tikoff
1993; Tikoff & Fossen 1993; Robin & Cruden
1994; Jones & Tanner 1995; Dutton, 1997; Lin
et al. 1998; Ghosh 2001; Jones et al. 1997, 2004;
Sullivan & Law 2007). The greatest merit of these
models is that they allow a more comprehensive
characterization, and at times quantification, of the
complex non-coaxial and non-plane strain defor-
mation that commonly affects the crust. The exist-
ence in nature of finite strains that correspond to
transpressional and/or transtensional conditions is,
as summarized by Dewey et al. (1998),

an inevitable consequence of relative plate motion on a
spherical surface: plate convergence and divergence
slip vectors are not commonly precisely orthogonal
to plate boundaries and other deformation zones.
Plate boundary zones will, therefore, experience
oblique relative motions at some time during their
history along some part of their length.

Given the ‘inevitability’ of these types of defor-
mation, it is therefore fundamental to document in
detail natural occurrences of complex transpres-
sional/transtensional deformation zones, so as to
improve our knowledge of the processes, test the
existing theoretical models and provide practical

feedback to the fine-tuning of such theoretical
models.

In this respect, the detailed work on inclined
transpression by Jones et al. (2004) is an important
contribution to the study of natural triclinic defor-
mation zones. Inclined transpression, as first
defined by Dutton (1997), differs from normal and
oblique transpression in that the transpressional
zone is characterized by parallel non-vertical zone
boundaries (Fig. 1). However, whereas Dutton
(1997) assumed this to be simply the result of
rigid body tilting of an initially upright oblique
transpressional shear zone, Jones et al. (2004) pre-
sented a kinematic model with idealized boundary
conditions for a transpressional zone already
dipping at the time of shearing. They developed a
robust theoretical derivation of the corresponding
strain matrix and used the field case of a large-scale
inclined transpressional shear belt in Scotland to
provide a qualitative and quantitative test of the
theoretical analysis. They relied on the overall evi-
dence for coeval strike-slip, dip-slip and across-
foliation shortening to infer the presence of inclined
non-coaxial general flattening strain in the investi-
gated section. Jones et al. (1997) have also dealt
with the theoretical analysis of lateral extrusion
in ‘unconfined’ transpressional or transtensional
shear zones, whereby the pure-shear component
leads, under specific conditions, to unavoidable
extensional strain parallel to the shear zone bound-
aries (lateral extrusion). This in turn implies that,

From: LAW, R. D., BUTLER, R. W. H., HOLDSWORTH, R. E., KRABBENDAM, M. & STRACHAN, R. A. (eds) Continental
Tectonics and Mountain Building: The Legacy of Peach and Horne. Geological Society, London, Special Publications,
335, 715–737. DOI: 10.1144/SP335.29 0305-8719/10/$15.00 # The Geological Society of London 2010.



in order to accommodate the extrusion flow, some
material has to be displaced also with an opposing
sense of shear to the bulk simple-shear deformation
component of the deformation zone. No unambigu-
ous field examples were reported, however, and the
authors introduced a caveat that the antithetic shear
senses accommodating extrusion in the laterally
unconfined transpressive zones ‘should not be
inferred to represent actual movement vectors in a
single fault plane or shear zone’ (Jones et al. 1997).

In this paper we contribute further to the under-
standing of natural 3D strain models by reporting
a field study that we believe confirms the theoretical
study of Jones et al. (1997, 2004) on inclined trans-
pression (see also Lin et al. 1998; Jiang & Williams
1998; Jiang et al. 2001). We use outcrop-scale field
evidence from two areas, the Värmlandsnäs and Bua
peninsulas of SW Sweden (Fig. 2), in combination
with high-resolution airborne geomagnetic data, to
document inclined transpressional strain at the toe
of the ‘Mylonite Zone’, a large-scale arcuate mid-
crustal thrust terrane boundary of the Sveconorwe-
gian orogen of southern Scandinavia. Based on
detailed kinematic observations of the frontal
thrust mylonites, we show that the Mylonite Zone
was formed in response to inclined transpression
and that it accommodated coeval contraction and
oblique-slip shearing.

Regional geological background

The Sveconorwegian orogen, situated to the west of
the 1.85–1.65 Ga Transcandinavian Igneous Belt
(TIB), corresponds to the part of Scandinavia
affected by the Sveconorwegian orogeny at the
end of the Mesoproterozoic (Fig. 2; e.g. Berthelsen
1980). The orogeny took place between approxi-
mately 1.13 and 0.90 Ga and is the product of the
collision between Fennoscandia and an unknown
large continent, possibly Amazonia (see the com-
prehensive review of Bingen et al. 2005). The gross,

crustal-scale architecture of the Sveconorwegian
orogen is characterized by the tectonic juxtaposi-
tion of a number of distinct Palaeo–Mesoprotero-
zoic lithotectonic terranes (e.g. Andersen 2005).
Thrusting contributed significantly to the architec-
ture of the lithosphere in the westernmost internal
part of the orogen. In SE Norway and Sweden the
tectonic boundary between a parautochtonous
terrane to the east (the so-called ‘Eastern Seg-
ment’) and an allochtonous block to the west (the
‘Idefjorden Terrane’) is a large-scale thrust contact,
with the Idefjorden Terrane emplaced above the
Eastern Segment (Fig. 2). This important Sveconor-
wegian thrust terrane boundary has been termed the
‘Mylonite Zone’ (referred to as MZ in the rest of the
paper) and was first defined by Magnusson (1937;
see also Park et al. 1991; Stephens et al. 1996;
Berglund 1997). The Idefjorden Terrane in the
hanging wall is made up of 1660–1520 Ma mainly
calc-alkaline and tholeitic plutonic and volcanic
rocks, associated with greywacke-bearing meta-
sedimentary sequences. These lithologies were
assembled during the so-called Gothian accretionary
event, with amphibolites facies metamorphic con-
ditions peaking at 1540 Ma (see Bingen et al.
2008, for a review). The grade of Sveconorwegian
metamorphism is variable and ranges from greens-
chist facies to amphibolites and locally granulite-
facies. The terrane displays a general north–south
to NW–SE structural grain. The Eastern Segment
in the MZ footwall, on the other hand, is mainly
made up of 1800–1640 Ma variably gneissic grani-
toids, compositionally similar to the rocks of the
TIB farther to the east. The intensity of Sveco-
norwegian overprinting and metamorphic and struc-
tural reworking increases from north to south and
from east to west (see review in Bingen et al. 2008).

The MZ has been interpreted as a giant, listric
thrust structure, possibly reaching as deep as
the mantle, which contributed to the formation of
a stack of crustal thrust slabs (e.g. Eugeno-S

Fig. 1. Block diagram showing the difference between an upright transpressional shear zone to the left and an inclined
transpressional shear zone to the right.
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Working Group 1988), although the vertical extent
of the shear zone remains under debate (see discus-
sion in Gorbatschev 1988). Shearing along the MZ
occurred predominantly under retrograde meta-
morphic conditions relative to the higher-grade
structures of the crustal units it separates. Stephens
et al. (1996) interpreted the MZ as an oblique
shear zone exposing deeper levels of the juxtaposed
crustal blocks along its southern extent and shal-
lower levels farther north. The MZ is over 450 km
long and has a reported across-strike width com-
monly in excess of 5 km (Stephens et al. 1996).

The MZ has a complex arcuate shape, with a
NW/WNW strike in SE Norway and a north–
south to NE/SW trend in SW Sweden. At its south-
ernmost exposed segment the MZ strike changes

again and south of Göteborg there occurs a dramatic
orientation change as the shear zone swings to the
west and attains an almost east–west trend
(Fig. 2). Two areas, the Värmlandsnäs and Bua
peninsulas of SW Sweden (framed in Fig. 2), both
located along the basal contact of the curvilinear
MZ, are described here in detail and their structural
framework is interpreted as due to inclined trans-
pression accommodated during general top-to-the-
SE thrusting.

Regional structural framework of the

Värmlandsnäs peninsula

Robin & Cruden (1994), based on the structural
work published only at a later stage by Stephens

Fig. 2. Sketch tectonic map of the Sveconorwegian orogen of southwest Scandinavia. The rectangles frame the
Värmlandsnäs peninsula of Lake Vänern, shown in detail in Figure 3a, and the Bua peninsula, shown in Figure 7. The
large, crustal-scale architecture of the Sveconorwegian orogen is characterized by the tectonic juxtaposition of a number
of distinct Palaeo- to Mesoproterozoic lithotectonic terranes along discrete shear zones. In SE Norway and SW Sweden,
the tectonic boundary between a parautochtonous terrane to the east (the so-called ‘Eastern segment’) and an
allochtonous block to the west (the Idefjorden Terrane) is a shallowly west-dipping thrusted contact named the
‘Mylonite Zone’ (MZ), with the Idefjorden Terrane emplaced above the Eastern Segment.
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Fig. 3. (a) Aeromagnetic data for the Värmlandsnäs peninsula. The data are kindly provided by the Geological Survey
of Sweden (SGU). Flight line separation is 200 m on land and 800 m above Lake Vänern. Sampling interval is 40 m or
denser and ground clearance 30 or 60 m. Multiple grids with 50 m grid cell size were created. DGRF 1965.0 was
subtracted to create a magnetic anomaly map. The yellow line marks the easternmost boundary of the MZ and
separates 2–3 km of sinistral transpressive MZ-related LS tectonites to the west from granitoids belonging to the
Transscandinavian Igneous Belt to the east. The blue line indicates the suggested western termination of the MZ, as
deduced from the geometric relationship between the external fabric to the west of the line and the MZ-parallel
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et al. (1996), use the MZ exposed in the Värmlands-
näs peninsula of Lake Vänern (Figs 2 & 3a) as a
typical example of ductile oblique transpression
zone. In the continuum mechanics model developed
in the same paper they attempt to explain the
observed changes in across-strike variation of foli-
ation and lineation orientations and kinematics
(see below) in terms of transpression, with both
dip- and strike-parallel components of displace-
ment. Implicit in their model is a rigid body tilt of
the shear zone, after its formation under oblique
transpressional conditions, to its current local
gentle NW dip.

We offer here an alternative solution, whereby
the work of Robin & Cruden (1994) and Stephens
et al. (1996) is integrated with our recent structural
observations. The newly derived strain pattern is
interpreted with a genetic model of true inclined
transpression (thus not requiring later rigid body
tilting) with a component of zone parallel extension.

The results of our study are based on detailed
field structural observations on the few available
outcrops in the Värmlandsnäs peninsula of Lake
Vänern, the same area investigated by Stephens
et al. (1996) and discussed by Robin & Cruden
(1994; Figs 2 & 3a), and on the analysis of a recently
acquired high-resolution airborne geomagnetic
survey by the Swedish Geological Survey (SGU),
which integrates the magnetic anomaly map com-
piled by Kero (2004) and which allows for a more
comprehensive interpretation of the local MZ
structural grain.

Figure 3 shows the new airborne magnetic
dataset for the Värmlandsnäs area together with
the relevant structural information recorded from a
number of key outcrops of the MZ. The spatial res-
olution of the geophysical dataset allows the clear
identification of the MZ, which in the area strikes
NNW/SSE. Whereas the eastern boundary of the
shear zone is readily identified (yellow line of
Fig. 3a), the western boundary remains more diffi-
cult to locate, especially in the field. Stephens
et al. (1996), for example, assigned most of the
rock belt exposed in the southernmost part of the
peninsula to the MZ itself, implying more than 5–
6 km of thickness for the shear zone. This structural
framework was also used by Robin & Cruden (1994)
to model oblique transpression in the area. Based on

the interpretation of the new data of Figure 3a and
on our own field observations, we suggest that the
MZ is thinner than indicated by Stephens et al.
(1996), with an across-strike thickness not exceed-
ing 3–4 km. The airborne geomagnetic data shows
clear asymptotic bending of external magnetic
anomalies (gabbroic and amphibolitic bodies) to
the west of the yellow line in Figure 3a (correspond-
ing to S foliation planes in the classic shear zone
model of Berthé et al. 1979) into the MZ trend (C
foliation planes). We rely on the presence of these
asymptotically bent external fabrics to locate the
western shear zone boundary, as shown in Figure 3a
by the thin blue line, although it is not clearly
exposed and therefore no conclusive interpretations
can be made. We interpret this geometric relation-
ship as indicative of the fact that the dragged and
bent-in anomalies and fabrics have to be older than
the mylonitic foliation of the MZ exposed along the
eastern part of the peninsula. This implies in turn
that structures from areas west of the blue line do
not necessarily record deformation genetically
linked to the last recorded strain increment of the
MZ and in our view should not be used to describe
the strain model of the MZ frontal ramp mylonites.

MZ mylonites along the eastern coast of the
peninsula are developed in a variety of lithologies
dominated by strongly sheared grey metasupracrus-
tals, grey orthogneisses and porphyritic metagrani-
toids, likely to be strongly reworked components
of the TIB, which form the strong magnetic ano-
maly immediately to the east of the MZ in Lake
Vänern (Fig. 3a). TIB lithologies are also very
strongly deformed, with isoclinal folds apparently
truncated at high angle by the mylonites of the
MZ. Work in progress along the northern shoreline
of Lake Vänern aims to elucidate the temporal, geo-
metric and kinematic relationships of the several
deformation phases that affected TIB rocks in
the area.

MZ mylonites are upper greenschist to lower
amphibolite facies LS tectonites. They are charac-
terized by a very pervasive mylonitic to protomylo-
nitic foliation, dipping gently to moderately to the
west/WNW (Fig. 3b). They contain a prominent
and very consistent, slightly oblique, NW-plunging
stretching lineation, interpreted to be parallel to the
direction of regional tectonic transport (Fig. 3b).

Fig. 3. (Continued) mylonitic fabric to the east. The white line represents the coast line of Lake Vänern, of other small
lakes in the region and of small islands within Lake Vänern. Black pins show the observation localities of this study. (b)
Average orientation of the MZ mylonitic foliation (great circles) and stretching lineation (crosses). The red dashed line
shows the overall strike of the MZ in the Värmlandsnäs peninsula as reconstructed from the interpretation of the
geophysical data. (c) Axial planes (great circles) and fold axes (solid dots) of intrafolial folds within the MZ mylonites.
(d) Calculation of the local, foliation-parallel extrusion direction from the geometric relationships between conjugate
extensional shear bands and the average mylonitic foliation. Stereograms are equal area lower hemisphere projections.
See the text for more details.
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Our field observations on the lineation orientation,
as well as the interpretation of the geophysical
data, are thus not in complete agreement with the
work of Stephens et al. (1996), who report signifi-
cant variations in the orientation of the MZ stretch-
ing lineation, which was described as ‘almost
parallel to the strike of the mylonitic foliation to
the west, but closer to a down-dip orientation
more towards the eastern boundary of the shear
zone’. Kinematic indicators in the zone are also
reported by Stephens et al. (1996) to track the linea-
tion and give reverse dip-slip shear close to the foot-
wall (thus in what corresponds to our definition of
the MZ) and sinistral transcurrent shear adjacent to
the hanging wall (thus in the S planes). In their
study, however, Stephens et al. (1996) assign
stretching lineations from the whole peninsula to
the MZ. Their described variation is therefore due
to the fact that stretching lineations belonging to
different fabrics (S v. C planes; hence, possibly
also different structural episodes) are grouped,
whereas, as discussed above, we consider only linea-
tions from the easternmost Värmlandsnäs peninsula,
as the MZ is demonstrated from the new geophysical
data to be thinner than reported previously.

The asymmetry of these bent fabrics indicates a
component of local sinistral shear for the MZ. As
illustrated below and discussed by Stephens et al.
(1996), meso-scale kinematic analysis confirms
indeed a sinistral, oblique top-to-the-SE transport
direction for the mylonites to the east of the blue
line in Figure 3. Given the geometry of the shear
zone and the reconstructed kinematic framework,
this part of the MZ corresponds therefore to a
ramp that is at a high angle, but not perfectly orthog-
onal, to the regional transport direction (Fig. 1),
which in turn accounts for its local sinistral
transpressional character.

However, in addition to these well established
kinematics, we also document systematic evidence
of an important and pervasive across-foliation pure-
shear strain component within the same mylonites,
not previously described and discussed and which
requires the following detailed description of the
local structural framework.

Field structural evidence for inclined

transpression

As discussed by Jones et al. (2004), the theoretical
model predicts that foliation planes within inclined
transpressional shear zones strike obliquely to the
deformation zone boundaries. Such a theoretical
requirement is generally very difficult to verify in
the field. However, in the case of the MZ in Värm-
landsnäs, we have been able to use the high-
resolution geophysics to extrapolate the local strike

of the MZ contact to a larger scale with a very
good degree of certainty. This in turn allowed for
the recognition of a subtle but obvious angular mis-
match (up to 158) between the foliation plane orien-
tations measured in the field and the strike of the MZ
reconstructed from the geophysical survey. The
eastern sharp contact is indeed easily traceable and
the yellow line of Figure 3a is interpreted as the
best estimate of the shear zone orientation in the
area. Figure 3b plots this orientation as a red
dashed line. Foliation planes are orientated consist-
ently clockwise with respect to the easternmost
shear zone boundary, as expected for an overall
sinistral strike-slip component (Fig. 3b). According
to the model, foliation planes should also dip steeper
than the shear zone boundaries, but we could not
verify this condition in the field.

Excellent outcrop conditions provide a 3D view
of the mylonites and our kinematic analysis reveals
a consistent triclinic strain. An efficient way to
describe the observed mylonitic flow field is to
resolve it into a series of individual components
and analyse them individually. It has to be stressed
that, although our model and observations can be
represented by a combination of differently orien-
tated pure and simple shear components, this is
simply a decomposition that may be useful for the
overall description. It does not mean, however,
that in the natural case the observed kinematics
were attained by the summation of such simple end-
member flows.

Simple-shear oblique slip

Sections parallel, or at low-angle, to the oblique
NW-plunging stretching lineation indicate a domi-
nant component of foliation-parallel simple shear.
Kinematic indicators, in the form of asymmetric
clasts, shear bands, extensional crenulation clea-
vage (the ‘ECC’ of Platt & Visser, 1984) and
small-scale, asymmetric SE-verging drag folds,
confirm regional top-to-the-SE transport of the Idef-
jorden Terrane (to the west) on top of the Eastern
Segment (to the east; Figs 2 & 3a). Figures 4a–d
show examples of these kinematic indicators (e.g.
abundant asymmetric porphyroclasts and gently
NW-dipping extensional crenulation cleavage as
in Fig. 4a, b, c) observed in sections parallel to the
stretching direction (sections XZ of the finite
strain ellipsoid).

The dip of the foliation is quite variable (Figs 3b
& 4a, b), possibly also reflecting local changes due
to meso-scale, thrust-related asymmetric folds with
short and steeper front limbs and long and flatter
back limbs (Fig. 4d shows a small-scale example)
or to large scale variations in the thrust zone archi-
tecture due to ramp-flat geometries. On YZ sections
(i.e. perpendicular to the stretching lineation) it is
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locally possible to observe classic ‘eye structures’,
reflecting the development of sheath folds with
axes parallel to the stretching direction and indica-
tive of high strain parallel to the regional SE-
directed transport direction (Fig. 4e).

The west/WNW-dipping foliation and the
slightly oblique NW-plunging stretching lineation

result in a component of sinistral transpression,
which is resolvable in a strike-slip and dip-slip
component. The strike-slip component is accommo-
dated by numerous sinistral asymmetric structures,
locally overprinted by and overprinting the struc-
tures accommodating across-foliation shortening
described in the next section.

Fig. 4. Kinematic indicators from the Värmlandsnäs peninsula showing top-to-the-SE transport direction. The red
planes in the strain ellipsoid insets indicate observations made parallel to either the XZ or YZ sections. (a) (b) and (c)
Asymmetric sigma clasts and sinistral shear bands within highly sheared, fine-grained amphibolite-facies granitoids
(outcrop coordinates UTM zone 33, 0399733, 6533896). (d) Asymmetric drag fold in coarse-grained sheared
porphyritic granitoids. The fold folds the northwest-plunging stretching lineation and has an axis that plunges 58 toward
190 (UTM zone 33 0399486, 6535689). (e) Sheath fold seen looking down the NW-plunging stretching lineation (UTM
zone 33 0399733, 6533896).
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Fig. 5. Kinematic indicators from the Värmlandsnäs peninsula that indicate lateral, transport-perpendicular extrusion.
All photographs were taken looking at the YZ section of the strain ellipsoid (see red plane in the ellipsoid inset), thus
perpendicular to the inferred regional transport direction. Observations were made on a long coastal section located
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Across-foliation shortening and localized

foliation-parallel extrusion

The same outcrops that bear evidence of simple-
shear dominated top-to-the-SE thrusting also
reveal a component of penetrative pure-shear short-
ening at a high angle to the regional foliation. In
sections perpendicular to the inferred regional trans-
port direction, mesoscopic observations reveal
pervasive dextral and sinistral ECC (Fig. 5a, b),
coexisting individual s and d porphyroclasts with
opposite senses of shear (Fig. 5c, d, sinistral and
dextral, respectively), sets of conjugate structures
in the form of sinistral and dextral ductile shear
zones (Fig. 5e, f ), opposite-verging asymmetric
folds genetically associated with these shear zones
(Figs 5g, h & 6a, b) and discrete brittle faults over-
printing ductile shear zones with identical orien-
tation and kinematics (e.g. Fig. 6c), all in the same
outcrops. The intersection line between the shear
band conjugate planes appears to be subparallel or
only moderately misaligned to the regional
mineral stretching lineation. Extensional shear
bands dipping to the NW display dextral shear
senses whereas those dipping more to the SW
have sinistral shear senses (Fig. 3d). These struc-
tures also control the local sense of shear of the
asymmetric porphyroclasts: in the vicinity of the
dextral shear bands the asymmetric porphyroclasts
are thus dextral and where the extensional shear
bands are sinistral the porphyroclasts display sinis-
tral kinematics.

Figure 3c shows the orientation of the asym-
metric folds used as kinematic indicators in this ana-
lysis. The great circles represent their axial planes
and the solid dots represent the fold axes. Axial
planes are sub-parallel to the mylonitic foliation
(Fig. 3a), and fold axes plunge coaxially with the
MZ stretching lineation. The intrafolial character
of these folds supports their suitability for kinematic
purposes. At the same time, the coaxiality excludes
that these structures only indicate apparent kin-
ematics, which would reflect merely cut effects
between the outcrop topography and the three-
dimensional structures. Therefore, these asymmetric
sinistral and dextral folds represent real co-genetic
structures related to localized lateral extrusion of
the thrust sheet perpendicular to the thrust transport
direction. Dextral kinematic indicators are in general

significantly less common than the sinistral, which
probably reflects the local sinistral transpressive
kinematics of the MZ thrust zone as indicated by
the large-scale deflection patterns.

The kinematic significance of the structures that
accommodate the localized lateral extrusion in
response to the foliation-perpendicular shortening
can be best appreciated by referring to the geometric
computations shown in the stereogram of Figure 3d.
The stereogram shows the average trend of the MZ
mylonitic foliation, and the average orientation of
the sinistral and dextral extensional shear bands.
The overall extrusion direction is determined as
the direction, within the foliation plane, that
bisects the acute angle formed by the intersection
of the conjugate extensional shear bands (as
shown in the block diagram to the right of the stereo-
net). Moreover, the extrusion direction is perpen-
dicular to the line defined by the intersection of
conjugate bands. The reconstructed extrusion direc-
tion trends sub-horizontally parallel to the strike of
the MZ (purple dot in the stereogram of Fig. 3d),
as would be indeed expected if the conjugate pure
shear structures were related genetically to the
overall top-to-the-SE transport. However, the extru-
sion direction should also be at an angle of 908 to the
mineral stretching lineation (yellow dot), in the
plane of the foliation. It is clear that this is not
quite the case and that, in fact, the angle is approxi-
mately 708. This discrepancy can be accounted for
by considering the nature of progressive defor-
mation whereby the SE-directed thrusting and its
sinistral transpression continued after the initial for-
mation of the conjugate pure shear structures. As a
result, it would be expected that the axis of extrusion
was gradually rotated anticlockwise with respect to
the mineral stretching lineation, thereby giving a
less than perfect correlation between the extrusion
direction and the bulk SE transport.

On the basis of the observed kinematic evidence,
we therefore interpret this foliation-perpendicular
shortening as being accommodated by flattening.
It is thus the local component of pure-shear shor-
tening that led to the coeval development of con-
jugate, antithetic sinistral and dextral structures
that accommodated shortening perpendicular to
the foliation as well as localized lateral extrusion
parallel to the foliation and sub-perpendicular to
the stretching lineation.

Fig. 5. (Continued) approximately at 0399730, 6533900 (UTM zone 33) (a) Sinistral extensional crenulation cleavage.
(b) Dextral extensional crenulation cleavage. (c) Sinistral asymmetric s clast. (d) Dextral asymmetric s clast
demonstrating dextral shear. (e) Accommodation structures showing minor reverse displacement in the plane of view
along banded gneiss accommodating southward sinistral displacement. This structure terminates in an asymmetric fold
verging to the south. (f) Accommodation structures showing minor reverse displacement along banded gneiss
accommodating northward dextral displacement. This structure terminates in an asymmetric north-verging fold. (g)
Sinistral, asymmetric, SW-vergent fold. (h) Coexisting dextral shear band and sinistral, asymmetric, SW-vergent fold.
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Regional structural framework

of the Bua peninsula

An identical strain pattern, though with significant
kinematic differences due to the local different
orientation of the MZ, is observed along the south-
ernmost exposed segment of the shear zone, the
Bua peninsula (Figs 2 & 7). Field observations
made in the Bua area confirm the strain model
reconstructed for the Värmlandsnäs peninsula, and
provide further evidence in favour of the coeval
development of oblique-slip simple shear features
and sets of extrusive, pure shear-accommodating
conjugate structures. The Bua area is dominated
lithologically by the Bua gneiss, a penetratively
deformed and veined mainly granodioritic rock
with a strong metamorphic banding (e.g. Berglund
1997; Andersson et al. 2002). Metamorphic con-
ditions are those typical for the amphibolite facies,
which is in stark contrast to the granulite high-
pressure conditions documented to the south of the
MZ. This supports a model where the MZ repre-
sents a major tectonic discontinuity. For more infor-
mation regarding the general geological setting, the
reader is referred to Andersson et al. (2002) and to
references therein.

Figure 7 shows the magnetic signature of the
area (Kero 2004), and the yellow line defines the
approximate location of the MZ. It is immediately
obvious that magnetic anomalies are not nearly as
useful as in the case of Värmlandsnäs to locate the
shear zone. No significant structural breaks or geo-
metrical patterns are observed and, as has been pre-
viously suggested (e.g. Talbot and Heeroma 1989)
minor MZ-related shear zones and splays are
likely to occur locally with a variety of orientations,
widths and displacements, though without major
geophysical signature. The orientation of the MZ
in the area is such that, within the overall regional
top-to-the-SE thrust transport direction framework,
this segment of the MZ represents a lateral ramp
characterized by an overall dextral kinematics.
Dextral strike-slip structures are indeed common.
However, the fact that the strike is not orthogonal
to the transport direction also introduces a com-
ponent of obliquity in the overall strain pattern
observed in the Bua mylonites.

Among the several outcrops analysed by us along
the southern coast of the peninsula, we describe here
in detail the three selected localities shown in
Figure 7. We regard these to contain crucial infor-
mation to the inclined transpression model.

Fig. 6. Kinematic indicators that constrain lateral, transport-perpendicular extrusion and the overall sinistral kinematics
of transpression at Värmlandsnäs (UTM zone 33 0399730, 6533900). (a) Asymmetric, sinistral south-verging
small-folds in banded gneiss. (b) Asymmetric, dextral, north-verging folds in the same lithology. (c) Photomontage of
an array of sinistral ductile shear bands and penetrative sinistral ECC. Note how the discrete sinistral brittle fault to the
right of the image overprints with identical kinematics the earlier ductile fabrics indicating a long lived homogeneous
deformation history.
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Locality 07/1

This locality is characterized by a pervasive
east–west-trending and moderately north-dipping
foliation (Fig. 7) developed in banded stromatic
granodioritic gneisses. The foliation is axial planar
to only rarely preserved rootless isoclinal folds
(identified as F1 in this study). In contrast to the
Värmlandsnäs area, the amphibolite facies myloni-
tic foliation of the Bua peninsula contains two
distinct stretching lineation clusters (Fig. 8), plun-
ging shallowly NNW and west/WNW. Kinematic
asymmetries can be observed regularly throughout
the mylonitic belt on sections parallel to both

these directions. Top-to-the-SSE s clasts and asym-
metric F2 folds (e.g. Fig. 9b), for example, indicate
a SSE-directed ductile thrusting component. F2

fold axes are sub-horizontal and plunge to the west
(Fig. 7).

In the same mylonites, observations made on
sections parallel to the gently west-plunging line-
ations reveal sets of ductile conjugate sinistral and
dextral shear bands and ECC fabrics. Most shear
bands are dextral, consistent with the overall dextral
transcurrent character of this segment of the MZ.
Figure 9 illustrates some outstanding examples of
shear bands and ECC fabrics. Intersection of sinis-
tral and dextral shear bands generates a moderately

Fig. 7. Aeromagnetic data for the Bua peninsula (Kero 2004). The magnetic measurements are made with 200 m line
spacing, a sampling interval of 40 m or denser, and with a ground clearance of 30 or 60 m. Multiple grids with 50 m grid
cell size were created. DGRF 1965.0 was subtracted to create a magnetic anomaly map. The yellow line is the
interpreted position of the MZ. Stereograms are equal area lower hemisphere projections and plot structural information
from three selected outcrops. Photographs of structures from the three outcrops are in Figure 9 (Locality 07/1),
Figure 10 (Locality 07/12) and Figure 11 (Locality 07/13). Stereogram symbols: Black great circles: mylonitic
foliation. Red great circles: sinistral shear band. Blue great circle: dextral shear bands. Red cross: stretching lineation.
Solid square: axis of F2 asymmetric fold genetically related to the extruding dextral and sinistral shear bands. White
square: axis of F2 asymmetric folds genetically related to the thrusting component. Black solid arrows: extrusion
direction in YZ section. There is a progressive change in mylonitic foliation orientation from east–west strike in the east
to a NW–SE strike in the west, indicating a progressive change in the overall MZ orientation. All outcrops contain
evidence of thrusting to the SSW and lateral extrusion along the foliation and perpendicularly to the thrust transport
direction via the development of sets of conjugate sinistral and dextral shear bands. Note how, as to be expected, the
mylonitic foliation bisects the acute angle defined by the intersection of the conjugate shears.
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NNW-plunging lineation and the mylonitic foliation
bisects the acute angle formed by conjugate pairs of
shear bands (Fig. 7). Asymmetric F2 shear folds
(labelled F2 because interpreted here to be cogenetic
with the asymmetric top-to-the-SSE asymmetric F2

folds) are observed with axis sub-parallel to this
intersection and their vergence confirms either sinis-
tral or dextral shearing parallel to the strike of the
mylonitic foliation. Solid arrows on the stereogram
of Figure 7 indicate a component of lateral extrusion
along the foliation planes accommodated by these
conjugate structures, which we interpret as formed
in response to flattening acting across the foliation
planes.

Locality 07/12

Figure 7 shows a progressive orientation change of
the fabric along the southern cost of the Bua penin-
sula north of the yellow line from an east–west
strike in the east to a NW–SE strike in the west, poss-
ibly reflecting a continuous change in orientation of
the MZ itself. Correspondingly, the very penetrative
mylonitic foliation at locality 07/12 trends NW–SE
(Fig. 7). Structures at this locality can, in turn, be
grouped into two differently orientated suites. The
photos of Figures 10a–c, taken looking to the
NNW, show asymmetries that indicate a component
of top-to-the-SW thrusting, as constrained by
SW-vergent asymmetric F2 folds (Fig. 10a, b) and
top-to-the-SW penetrative sinistral shear bands

(Fig. 10c). Asymmetric intrafolial F2 folds are sub-
horizontal to gently NW-plunging. This is similar
to the situation illustrated at Locality 07/1, with the
exception of the change in orientation of the myloni-
tic foliation (Fig. 7). Sheath folds with axis trending
NE–SW are commonly observed.

Importantly, as in the case of locality 07/1, the
same mylonites display pervasive evidence of a sig-
nificant component of across-foliation shortening
via the development of conjugate sinistral and
dextral structures, and foliation-parallel extrusion
(Fig. 7). Shortening perpendicular to the foliation
is confirmed by pervasive boudinage that affects
the mylonitic gneiss banding (e.g. Fig. 10d), and
by impressive sets of conjugate dextral and sinistral
shear zones, whose acute intersection angle is
bisected by the mylonitic foliation planes (Figs 7
& 10e, f). The nucleation and development of
the conjugate shear zones occurred under amphib-
olite facies conditions (amphiboles and biotite
stable along the shear planes; Fig. 10h) and was
accompanied by the generation of syn-kinematic
granitic leucosomes that inject along the dilatant
shear zone planes (see the example of Fig. 10f).
As in the previous case, there is a predominance
of dextral kinematic indicators, although sinistral
shear bands and ECC fabrics are also commonly
observed (Fig. 10e, f, g). Shearing continued along
a retrograde path and was in part also accommo-
dated by discrete, individual brittle faults, which
share the same geometry and orientation with the
earlier ductile structures (Fig. 10i).

Locality 07/13

This locality, at the westernmost termination of the
Bua peninsula, is characterized by impressive, mod-
erately NE-dipping mylonites. Foliation planes
contain a penetrative oblique north, NNW-plunging
stretching lineation (Figs 7 & 11a). Its obliquity in
the foliation planes is interpreted in terms of a
dextral transpressive component, in agreement
with the overall dextral character of the MZ in
this area. Lineation-parallel sections show kin-
ematic indicators consistent with top-to-the-south
shearing, which, in turn, is consistent with a com-
ponent of thrusting along the NE-dipping mylonitic
foliation. As shown by Figure 11b, localized
melting and injection of granitic leucosomes along
the shear bands constrain shearing to amphibolitic
facies conditions, similar to the situation described
for the conjugate sets in the previous section.
Conjugate structures in the YZ section are observa-
ble also in this outcrop, despite the strong, pervasive
component of top-to-the-south and -SSE thrusting.
Figure 11(d & e) show examples of foliation
boudins formed in response to across-foliation
shortening, and the presence of syn-kinematic

Fig. 8. Great circles plot the orientation of the foliation
and red crosses plot the stretching lineation (n ¼ 27)
of the Bua mylonites. Two separate orientation clusters
are identified for the stretching lineation, reflecting
minor partitioning of the overall top-to-the-SE thrust
slip vector.
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Fig. 9. Structures observed at Locality 07/1, a long coastal section with location 328320, 6344820, UTM zone 33. The red planes in the strain ellipsoid insets indicate observations
made parallel to either the XZ or YZ sections. (a) The mylonitic foliation contains F1 rootless intrafolial folds kinematically unrelated to the structural history described in this paper.
(b) Asymmetric, south-vergent F2 fold accommodating the thrust resolved slip vector. (c) Set of conjugate ductile dextral and sinistral shear zones. Their displacement
accommodates extrusion parallel to the strike of the mylonitic foliation and perpendicular to the thrust slip vector. (d) Detail of pervasive dextral extensional crenulation cleavage. (e)
Array of dextral shear bands causing eastward-directed extrusion. Note the counter clockwise rotation of the hanging wall blocks. (f) Detail of a top-to-the-east dextral shear band. ‘d,
e and f’ confirm the overall dextral transcurrent nature of transpression in the Bua segment of the MZ. Dextral structures are more common than sinistral.
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Fig. 10. Structures observed at Locality 07/12, a long coastal section with location 326340, 6346170, UTM zone 33. The red planes in the strain ellipsoid insets indicate
observations made parallel to either the XZ or YZ sections. (a) and (b) F2 asymmetric folds, indicating top-to-the-SW thrusting developed in leucosomatic layers within strongly
migmatitic granitic/granodioritic gneisses. (c) Top-to-the-SW shear bands in the same outcrop confirming the thrust top-to-the-SW kinematics suggested by the asymmetric folds.
(d) Small-scale boudinage of the mylonitic gneissosity requiring flattening and across-foliation shortening. It is this shortening component that leads to lateral extrusion along
strike the mylonitic foliation planes. (e) and (f ) Sets of conjugate dextral and sinistral shear zones accommodating across-foliation shortening and lateral extrusion. Note how in
(f) the sinistral shear zone is injected by synkinematic leucosomes (shown by black arrows). (g) Sinistral extensional crenulation cleavage within granodioritic gneiss. (h) Detail of
a dextral shear zone belonging to a set of conjugate shear bands. Note the stability of amphibole and biotite in the shear plane. (i) Discrete brittle dextral fault offsetting a leucocratic
foliation band. The brittle structure has the same orientation and kinematics of the earlier ductile shear zones.
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Fig. 11. Structures observed at Locality 07/13, at the lighthouse of Bua (UTM zone 33, 324870, 6348010). (a) Penetrative NNW-plunging stretching lineation. This lineation
is associated with top-to-the-SSE thrusting, as shown by arrays of dextral shear bands [shown in (b) and (c)]. Note the injection of synkinematic leucosomes along the shear zone
plane shown in (b). (d) Foliation boudins formed in response to across-foliation shortening and leading to extrusion/stretching parallel to the mylonitic foliation strike. (e) Detail
of the neck structure of one such boudin. Black arrows indicate synkinematic leucogranitic intrusions injecting the dilatant space. (f) Set of conjugate sinistral and dextral shear
bands accommodating the same shortening responsible for the development of the foliation boudins.
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leucogranites in the neck of these boudins (details
shown by the black arrows of Fig. 11e) confirms
that their development occurred under similar
metamorphic conditions to the top-to-the-south,
-SSE thrusting.

Discussion

Our study documents that, although an overall
regional top-to-the-SE movement direction is
recorded consistently along the whole length of
the MZ, the significant changes in strike along this
arcuate shear zone have major implications on the
local kinematics (see Lin & Jiang 2001, for a
similar setting). This results in the same regional
movement direction being associated with signifi-
cantly different kinematics in different segments
of the shear zone, due to a differing obliquity of
the thrust front geometry relative to the transport
direction. Thus, on a regional scale, the WNW-
ESE-striking Norwegian sector of the MZ (called
the Mjøsa-Magnor shear zone; Fig. 2) and the
c. east–west-striking segment south of Göteborg
represent the sinistral and dextral lateral ramps to
the top-to-the-SE frontal thrust exposed in the
c. north–south to NNE-trending segment in Värm-
land, which represents the ramp at high angle to
the regional transport direction (Fig. 2).

The strain mapped at the toe of the MZ terrane
boundary is truly triclinic: preserved structures
demonstrate that asymmetric fabrics were formed
parallel to each of the three principal axes of the
local finite strain ellipsoid accommodating the
three resolved components of a single oblique
(with respect to the strain axes) vorticity vector.
The strain pattern proposed in this paper thus con-
firms the predictions from the theoretical model of
triclinic transpression proposed by Jones et al.
(2004). In addition to the main oblique simple
shear (itself resolvable in a strike-slip and dip-slip
component), there is in fact convincing evidence
for an additional coeval component of pure-shear
shortening acting sub-perpendicularly to the foli-
ation. The latter was predominantly accommodated
by shortening along the Z direction and subordinate
extension along the Y axis of the finite strain ellip-
soid, while maintaining the regional stretching X
direction. The 3D strain model we propose is illus-
trated in Figure 12. The sketch applies specifically
to the geometric and kinematic framework of the
MZ in Värmlandsnäs, where the resolved com-
ponents of the overall shortening vector led to
sinistral transpression. The model, however, can
also be applied to the Bua peninsula mylonites by
simply changing the overall sinistral component to
dextral. Irrespective of the local kinematic frame-
work, asymmetries are visible in sections parallel

to each strain axis and define a triclinic strain result-
ing from the thrusting of the Idefjorden Terrane (to
the west) on top of the Eastern Segment (to the east).

The key to the model is the coeval development
of all asymmetric structures. It could be argued that
structures observed in the YZ section and formed in
response to the across-foliation shortening are
younger than the thrust-related shearing and that
they overprinted the asymmetries visible on the
XZ section during a subsequent structural episode
affecting the MZ. Although structures accommo-
dating stretching along the Y direction were not
reported by previous studies, a model considering
multiple activities along the MZ (thus implying
reactivation of pre-existing fabrics) has been
suggested, for example, by Park et al. (1991), who
interpreted the MZ structural framework south of
Lake Vänern as due to the superposition of an
early SE-directed thrusting (oblique left-lateral
shear) by a later east-directed thrusting. Berglund
(1997) even suggested that the observed structures
were related to three different deformation events,
even though not necessarily much separated in
time. In his analysis, however, the accurate descrip-
tion of the kinematics and geometry of these events
remains extremely elusive. Stephens et al. (1996),
on the other hand, suggest that in Värmlandsnäs
there is no evidence for two separate mylonitization
events, and, as reminded above, explain the strain
pattern of the MZ in terms of a single oblique sinis-
tral transpression phase.

We are in general agreement with the conclusion
of Stephens et al. (1996) and confident that all the
structures observed in the MZ frontal mylonites
and described here developed during a single
(yet possibly very long-lived) deformation
episode. Our model, however, also accounts for
the hitherto unreported structures accommodating
across-foliation pure-shear shortening. Several
important and consistent observations support the
model of a single triclinic deformation episode.

1. Total absence of evidence that any of the asym-
metric structures used to infer the local sense of
shear are formed from the reactivation of
earlier fabrics by subsequent episodes charac-
terized by different kinematics. This applies
particularly to coexisting dextral and sinistral
shear bands and kinematic indicators observed
in the mylonite YZ sections (e.g. Fig. 5h).
Figure 13 shows a set of conjugate sinistral
and dextral coeval shear zones from the MZ
in Värmlandsnäs, whose intersection defines a
line that is subparallel to the local stretching
lineation direction. Their kinematics is consist-
ent with that of many other indicators that can
be observed in their immediate vicinity and
throughout the MZ mylonites. The solid
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arrows in the interpretative sketch of Figure 13
show the overall foliation-perpendicular pure-
shear shortening direction. Asymmetric folds
can be seen in the volume of rock extruding lat-
erally between conjugate shear planes, con-
firming the opposing sense of shear of these
lateral extrusion structures. In summary,
Figure 13 presents an example of coeval
dextral and sinistral kinematics in the YZ
section (see also Fig. 10e, f, g, h), which sup-
ports a model whereby antithetic displacements
in transpressional shear zones need not necess-
arily be explained by separate phases of defor-
mation with opposing senses of shear and
multiple reactivation histories. Indeed, we
observe conjugate pure shear extrusion struc-
tures co-existing side-by-side with top-to-
the-SE simple shear structures both on the
outcrop and on the hand-specimen scale.

2. As pointed out in the detailed outcrop des-
criptions, field observations indicate that the
metamorphic grade of all observed ductile fea-
tures is the same, with structures developed
under amphibolite facies conditions. Particu-
larly illustrative in this sense is the presence
of synkinematic leucogranites injecting shear
zones accommodating both thrusting (top-to-
the-SE in Värmlandsnäs and top-to-the-south,
to top-to-the-SW in the Bua peninsula) as
well as the conjugate shear zones accommo-
dating the across-foliation shortening (e.g.
Figs 10f & 11b, e).

3. Our fieldwork along the whole strike length of
the MZ indicates the consistent coexistence of
and strong correlation between the intensity
of the thrust parallel simple-shear component
and the thrust perpendicular structures. Where
top-to-the-SE and south structures are strongly

Fig. 12. Three-dimensional model proposed for the triclinic strain of the MZ frontal thrust mylonites. The overall
sinistral kinematics reflects conditions observed at Värmlandsnäs, but the model is also valid for the Bua mylonites,
though with a predominant dextral nature. The footwall and hanging wall are shown in white and the shear zone is
in grey. Foliation planes are shown as white lines and display a clockwise angular discordance with the shear zone
margins (see Fig. 3b). In XZ sections, parallel to the mineral stretching lineation (Lst in the figure), we observe
uni-directional kinematic indicators such as extensional crenulation cleavage, asymmetric delta clasts and localized
asymmetric small-fold development in the foliation suggesting bulk simple shear with top-to-the-SE-directed oblique
shearing. The obliquity is resolved in a strike-slip and a dip-slip component. In addition, in YZ sections perpendicular to
the regional thrust transport direction, we observe both sinistral and dextral kinematics on similar types of structures to
those described within the XZ sections. The coexisting opposing senses of shear in the YZ sections occur on all scales
and are documented by many types of kinematic indicator. The crenulation cleavage is locally developed into discrete
shear zones with opposing senses of dextral and sinistral shear. We interpret these structures to form conjugate sets,
whose acute bisectrix lies in the plane of the foliation and whose intersection is sub-parallel to the mineral stretching
lineation reflecting the hanging wall emplacement and confirming their intimate cogenesis with the bulk simple shear
top-to-the-southeast thrusting.
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developed, thrust perpendicular pure-shear
extrusion structures are also well-developed,
and always within the same outcrops. This
suggests an intimate co-genetic relationship
between the two sets of structures.

4. Structural mapping along the transport-parallel
lateral ramp in Norway (Mjøsa-Magnor shear
zone; Fig. 2) excludes the presence of any
across-foliation conjugate structures along
this sector of the MZ. The Mjøsa-Magnor
shear zone, being parallel to the transport
vector, acted exclusively as a pure sinistral
lateral ramp, accommodating only strike-slip
displacement. The fact that where there is
no orthogonal movement there are no pure
shear extrusion structures confirms the co-
genetic relationship between the orthogonal,

simple-shear structures (related to the thrust
component) and the across-foliation, pure-
shear extrusion structures.

An important observation is that at some out-
crops the observed structures display a complete
spectrum of rheological behaviour, from ductile to
brittle-ductile, to fully brittle. Figure 14a shows,
for example, fine-grained quartz veins infilling a
set of conjugate joints, which overprint the same
mylonitic fabric containing all of the previously-
discussed structural features at Värmlandsnäs. The
local principal compressive stress direction, bisect-
ing the acute angle between the Mohr-Coulomb
conjugate joints, is orthogonal to the mylonitic
fabric and in an identical orientation to the greatest
shortening direction of the reconstructed ductile

Fig. 13. Example of conjugate dextral and sinistral shear zones. The red plane of the strain ellipsoid shows that the
photograph and the interpretative sketch are roughly parallel to the ZY section and the view is therefore down-plunge the
stretching lineation (shown in the sketch by the green dot). The intersection between the shear zone planes defines a line
in the plane of the foliation, which is sub-parallel to the mineral stretching lineation. The stereogram plots conjugate
shear bands (red and blue great circles), stretching lineations (stars) and axes of folds with a sinistral (red crosses) and
dextral (blue crosses) asymmetry measured at the outcrop of the photograph and in its immediate vicinity. Stretching
lineation and shear band intersection are only slightly misaligned. In this case, the structures are developed in
homogenous granitic gneisses (UTM zone 33 398740, 6538380).
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pure-shear component acting sub-perpendicular to
the foliation. This coaxiality is interpreted as poten-
tially indicative of a continuous across-foliation
pure-shear deformation of the MZ mylonite belt,
which acted from ductile to more brittle conditions
forming the latest stage waning of the deformation
sequence as the thrust stack was undergoing exhu-
mation. We interpret these brittle faults as being
structurally co-genetic (although younger) with the
ductile structures described above as they display
the same geometry and kinematics but consistently
post-date the ductile structures. This interpretation
is confirmed by the observation of a multitude of
brittle features overprinting earlier ductile struc-
tures, the former being characterized by the same
geometry and kinematics as the latter (see for
example Figs 6c & 10i).

From the general discussion on transpression
and the analysis of Figure 12 it is clear that inclined
transpression requires lateral extrusion to be accom-
modated parallel to the foliation planes. In our
model this is possible through the conjugate struc-
tures documented in the YZ section of the MZ mylo-
nites (e.g. see Fig. 3d and the solid arrows in the
stereograms of Fig. 7). Although it is not possible
to quantify the amount of extrusion, the model
requires extrusion also at a larger-scale than docu-
mented here from our outcrop-scale observations.

This should be accommodated by the development
of two important localized discontinuities or shear
zones, with opposite kinematics, on both sides of
the MZ. We have no direct field observations sup-
porting the existence of these discontinuities and
no conclusions on this aspect of the model can there-
fore be drawn. Mass flow along the MZ strike,
however, could have been accommodated locally
by restraining or releasing corridors located at the
many inflection points along the length of the curvi-
linear MZ. Lindh & Malmström (1980) indicated
that immediately north of Lake Vänern (Fig. 2) no
outcrops along the interpreted strike of the MZ show
sign of pervasive mylonitic or cataclastic defor-
mation, in stark contrast to the rest of the MZ. Our
own observations confirm their suggestion and we
note that the break occurs right at the inflexion
point between the Mjøsa-Magnor lateral ramp and
the frontal ramp exposed in Värmlandsnäs and
south of Lake Vänern. Lateral extrusion along the
c. north–south trending frontal ramp is indeed a
likely cause to such a break, whereby the initial con-
tinuity of the mylonitic sequence was disrupted by
lateral displacements accommodated parallel to
the north–south trending mylonitic foliation
within the frontal ramp.

Jones et al. (2004) also predict a significant
component of material extrusion in the up dip

Fig. 14. Examples of brittle deformation in thrust basal mylonites. (a) Quartz-filled veins and micro-networks are
developed with veins from less than 1 mm to several centimetres (UTM zone 33 399730, 6533900). (b) The veins form
also conjugate networks where the acute bisectrix is sub-parallel to the ductile thrust transport direction, suggesting that
their formation may be genetically related to the waning stages of the thrust deformation. These often form en
echelon arrays.
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Fig. 15. Regional model for the emplacement of the Idefjorden Terrane over the Eastern Segment. The regional
transport direction is towards the SE. This transport direction is resolved in different local kinematics along the
curvilinear trend of the MZ, which probably reflects the listric shape of the shear zone. For the established geometry, the
northern segment of the MZ is characterized by an overall sinistral kinematics (either strike-slip, like along the straight,
transport-parallel lateral ramp, or transpressional, along the oblique part of the frontal ramp). The southern part, instead,
accommodates dextral kinematics, with different degrees of obliquity. The neutral point is located somewhere in the
southern Lake Vänern. Some partitioning is observed at Bua (the stereogram plots contours of 27 stretching lineations
from the peninsula), where the two distinct lineation clusters (red and blue) reflect resolved c. top-to-the-south thrusting
(dashed red line) and WNW/ESE stretching/extrusion (dashed blue line) along the mylonitic foliation. Nonetheless,
outcrops contain commonly asymmetries genetically linked to both slip vectors, thus reflecting true triclinic strain.
Higher obliquity at Bua than in the Värmlandsnäs peninsula explains the local strain partitioning.
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direction of the shear zone. Such a component, even
if present, would be however virtually impossible to
be distinguished in the field, as it would act at very
low angle to the simple shear-controlled thrusting
component. Its net contribution would equal kine-
matically and would sum up to the top-to-the-south-
east simple-shear kinematics.

There have been numerous reports of strong
spatial partitioning of simple- and pure-shear
strain components in transpression-dominated
belts (e.g. Fossen et al. 1994; Teyssier et al. 1995;
Jones & Tanner 1995; Ebert & Hasui 1998),
whereby discrete narrow zones, themselves the con-
stituents of a broader, diffuse transpressional belt,
accommodate simple shear and pure shear separ-
ately. In a recent contribution, Sullivan & Law
(2007) propose an appealing conceptual model,
whereby in the transpressional White Mountain
shear zone (California and Nevada) there exist
stable segregated and coeval kinematic domains of
simple shear- and pure shear-dominated fabrics
that accommodate individually the strike-slip and
contractional components of deformation. A strik-
ing feature of the MZ sheared sequence described
in this paper is that, in contrast to these other
natural transpression zones where deformation is
highly heterogeneous and kinematic strain partition-
ing is generally the rule, the mylonites of the MZ are
truly triclinic. No significant strain partitioning, in
the form of alternating, spatially distinct shear
zones, each with different kinematic framework
and strain pattern, was observed at outcrop scale
in the sections studied along the MZ. The simple-
and pure-shear components of the MZ mylonites
are instead both accommodated within the same
volume of rock, and unambiguous shear sense indi-
cators appear within the same outcrops on sections
both parallel and perpendicular to the regional
stretching direction. The same conclusion is also
valid for the Bua mylonites at the southernmost
exposed segment of the MZ, in that each documen-
ted outcrop contains structural evidence for asym-
metries on sections parallel to each of the strain
axes. Nonetheless, the situation there is slightly
different, as proven by the two distinct stretching
lineation clusters that can be generally measured
within the same outcrop (Figs 8 & 15). As shown
in Figure 15 the curvilinear trend of the MZ (poss-
ibly the result of a listric fault plane) requires signi-
ficant changes in the local kinematics when
accommodating the regional c. top-to-the-SE thrust-
ing. This suggests that there has to occur a switch
from sinistral to dextral transpressional regime
immediately to the south of Lake Vänern, as
indeed confirmed by our observations and by
Berglund (1997). The shortening vector in the
Bua peninsula is resolved along the west/WNW
trending average mylonitic foliation in a minor

orthogonal, c. north–south-trending contractional
component and a more important west/WNW, foli-
ation parallel dextral component (see stereogram of
Fig. 15). These two directions are indeed tracked by
the two lineation clusters measured, suggesting that
some partitioning at the scale of the shear zone is the
case, although all outcrops analysed contain struc-
tures accommodating both slip vectors. The orthog-
onal vector in the case of the Värmlandsnäs
peninsula is instead the dominant, and the measured
stretching lineation tracks exclusively the regional
transport direction. Minor partitioning seems thus
to be controlled by the obliquity of the main trans-
port vector to the shear zone trend.

More investigations, including a detailed micro-
structural and petrofabric study, are required to fully
understand strain distribution at a larger scale in the
context of the Sveconorwegian MZ and to compare
our results to the work of Robin & Cruden (1994) for
the central part of the MZ. In any case, our work
clearly indicates that, in this specific structural fra-
mework, the usual assumption that oblique and/or
inclined transpression involve strong partitioning
of individual components of simple and pure shear
and localization in separate deformational zones is
not applicable.

Conclusion

The Mylonite Zone of the Sveconorwegian orogen
in SW Scandinavia is a major thrust terrane bound-
ary that emplaced the Idefjorden Terrane over the
Eastern Segment with an overall southeastwards
transport (Fig. 2). It is characterized by an arcuate
shape, which, due to the resolution of the net
thrust slip vector on the differently orientated seg-
ments of the shear zone, results in local kinematic
differences along its length. Our structural study
of the MZ basal mylonites indicates a triclinic
strain model of inclined transpression, inferred on
the basis of coexisting (and coeval) foliation parallel
oblique shearing (resolvable in a strike-slip and
dip-slip component) and across-foliation shorten-
ing. The former accommodated the transpressive
component of the MZ, and its kinematics is either
sinistral or dextral depending on the local strike of
the MZ with respect to the thrust shortening
vector. The latter led to pure-shear shortening per-
pendicular to the thrust sheet and subsequent
stretching/lateral extrusion in a direction parallel
to the mylonitic foliation via the development of
antithetic displacements. Structures accommodat-
ing this triclinic strain are developed rather homoge-
nously throughout the crystalline rock mass and
belie any form of significant kinematic partitioning.
The structures described here therefore represent a
rare field example of true triclinic strain.
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Abstract: Tectonic and orogenic processes, reflecting the dynamic nature of the planet, provide
myriad examples of the failure of Earth materials under load. Despite this wealth of data, the
shear localization process remains a difficult physical modelling problem, lying at the frontiers
of complex and non-linear systems research. We present a non-conventional continuum-physics
approach to address this problem, based on the mathematical properties of differential grade-2
(DG-2) materials. We choose this material because it is both frame-indifferent, and general enough
to include other, simpler materials as special cases. DG-2 materials in pure shear exhibit a dynamic
rescaling mechanism, associated with localized shearing, which links the spatial and temporal
scales of this process in a self-consistent manner, independent of the observer. On typical thermal
timescales, the thermomechanical competence of DG-2 materials depends on the ratio of thermal
to mechanical diffusivities, k/x. On this basis, we hypothesize the effective rigidity of Earth
materials, pertaining when the thermomechanical competence is greater than unity. This theory,
applied to the whole Earth, suggests the existence of isopycnal ‘detachment’ zones at systematic,
globally correlated depths beneath orogens, consistent with a variety of geological data.

The centennial celebration, at Ullapool, of the
publication of the great 1907 Highland Survey
memoir (Peach et al. 1907) reminds us of both the
superb geology and seminal mapping work done
in the NW of Scotland. The efforts of Peach and
Horne and many others revealed examples of strati-
graphic and structural relationships between alloch-
thons from the Moine Thrust, now known to be
characteristic of major shear zones around the
world. Characteristic, too, are the textures and
fabrics of fault- and shear zone-related mylonitic
rocks in these mountain belts, which provide
useful kinematic indicators for interpreting larger
scale structures. Even at the micro-structural level,
rock textures and fabrics provide us with infor-
mation on syn-deformational ambient conditions,
such as mean pressure and temperature, in addition
to valuable sense of shear criteria. All of these
field-related observations testify to the importance
of shear localization in the deformation of natural
tectonites.

Shear localization is a difficult physical model-
ling problem, lying at the frontiers of complex
and non-linear systems research. The past quarter
century has seen the introduction of a variety of
computational modelling approaches, based on
experimental work in both rock mechanics and
materials science, and exploiting advances in

high-speed computer technology. For example,
Ranalli & Fischer (1984) explored the variation of
‘effective viscosity’ with depth in the mantle
based on microphysical creep relations for mantle
silicates, concluding that Newtonian viscosity
could not be ruled out in favour of a non-linear vis-
cosity model. Later, Hobbs et al. (1990) showed that
localization processes at a range of structural and
tectonic scales were consistent with strain softening
behaviour in plastic materials. Branlund et al.
(2001) used a thermo-mechanical feedback mech-
anism in Maxwell viscoelastic media to model the
initiation of subduction processes. Kenis et al.
(2005) showed that it is possible to estimate the
rheology of fine-grained siliciclastic rocks in the
middle crust, using paired structural and numerical
analyses. Other solid- and fluid-thermal-mechanical
feedbacks based on ab initio calculations of thermo-
dynamic properties for constituent minerals in the
upper mantle and crust, have led to the so-called
multiscaling approach (Regenauer-Lieb et al.
2006). Recent applications include the modelling
of folding in the middle to lower crust (Hobbs
et al. 2007) and the brittle-ductile transition
(Schrank et al. 2008). Yet, despite the wealth and
detail of structural information from field-based
studies, mentioned above, and the sophistication of
these computational modelling approaches, there
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remain fundamental questions about the processes,
conditions and thermodynamic controls of shear
localization.

For example, if ‘the transition in deformation
style need not be simply temperature-controlled
and uni-directional’, as deduced by Butler (2007, p.
45) from observations in the Moines, what other
physical dependencies are likely? Do ‘rigid’ bound-
ary conditions drive all simple shearing motions, or
do such motions spontaneously ‘emerge’ in any natu-
rally deforming solid system? What physical proper-
ties make the wall rocks ‘rigid’, while allowing the
core rocks to shear? What other physical dependen-
cies characterize the ‘emergence’ of shear, and are
there any objective measures for their existence?
Do these additional dependencies allow more than
one level of detachment in mountain belts? Are
there global correlations in the thermodynamic
conditions favouring detachment formation? From
a purely theoretical standpoint, all of these questions
relate to the problem of defining ideal materials, in
terms simple enough to allow insightful dynamic
analysis via established balance laws for mass,
energy and momentum. This is the role of constitu-
tive equations in continuum mechanics.

We offer an alternative point of view to the mod-
elling work cited above, drawn from the fields of
continuum physics and applied mathematics. Recog-
nizing that the methods and terminology of these
fields might be unfamiliar to many geologists, we
shall take time to describe some important concepts
in words. We do this for two reasons: (1) it was geo-
logists who collected much of the data upon which
we base our work; and (2) we believe that the struc-
tural geology and tectonics communities are in the
best position to assess the value of our approach.
However, we do not shy away from presenting math-
ematical results, because these are precise and
reproducible, and ultimately form the basis for our
word statements. Throughout the contribution, we
attempt to relate our ideas to observable aspects of
rocks, and other instrumental records of Earth’s
deformation and structure.

We shall begin by reviewing the methodology of
continuum mechanics, first emphasizing the central
role played by conservation principles for mass,
energy and momentum, and second examining in
some detail the curious place gravity enters the clas-
sical momentum balance equations attributed to
Cauchy, published from 1823–1851 (Truesdell &
Noll 2004). We then pick up the general theme of
constitutive equations and specialize it by defining
both the concept and notations of differential
grade-2 (DG-2) materials (Rivlin & Ericksen 1955;
Truesdell & Noll 2004; Dunn & Rajagopal 1995).

DG-2 materials are viscoelastic and non-linear,
where these terms refer to the response of the mate-
rial under applied forces. Consequently, we should

expect them to both dissipate and store energy in
shear, but do so in a relatively complicated way
compared to, say, a linear Maxwell material. DG-2
materials manifest normal stress effects, which are
common to most non-linear materials defined via
the kinematics of finite deformation (Segel 1987;
Truesdell & Noll 2004). In words, this means,
‘normal as well as shear stresses must be imposed
on the boundary to obtain a pure shear deformation.
If normal stresses are not applied, one expects some
dilation of the material to result from attempts to
shear it.’ It also means, ‘more than shear stresses
are required to sustain simple shear’ (Segel 1987,
pp. 190–191). The following analyses show that
these statements also apply to DG-2 materials.

We document the mathematical properties of
DG-2 materials in pure shear, and interpret them
with observations of solid crystalline and cemented
granular materials in mind. This distinction is
important because most of the rheological literature
on this ideal material focuses on fluid processes in
one-dimensional, rectilinear shearing flows, as
reviewed by Dunn & Rajagopal (1995). Consistent
with their conclusions, we find that the relative
motion of DG-2 materials is, at minimum, two-
dimensional (2D). Hence, to the extent that DG-2
materials model localization processes in deforming
crystalline solids, we find one-dimensional shearing
‘flows’ to be un-naturally restrictive and simplistic.
This finding has implications for understanding the
progressive development of shear zones.

Although it is beyond the scope of this contri-
bution to discuss the study of DG-2 materials in
polymer rheometry, we comment on it briefly to
allay potential confusion between that research
and our own. Shear localization processes in rocks
exhibit unique properties that require specific con-
sideration, not the least of which is that crystalline
solids preserve a record of their deformation history.
Understanding how this structural ‘memory’ might
operate is a necessary step in interpreting the fabrics
of naturally deformed tectonites.

Our analysis of DG-2 materials in pure shear
reveals a self-consistent dynamic rescaling mechan-
ism associated with shear localization. This intrinsic
behaviour depends on the spatial and temporal
scales of the local deformation process, but is inde-
pendent of the observer. This frees us to study this
material in the framework of thermodynamics. In
this context, we deduce the theory-based concepts
of thermomechanical competence and effective
rigidity. Further exploration of these ideas shows
the thermodynamics of DG-2 materials to be transi-
tional between equilibrium adiabatic and isothermal
conditions.

We complete the exposition of DG-2 material
behaviour with an analysis of incipient fold- and
fault-like deformation modes, comparing them with
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those of other ideal materials in pure shear. This
shows that linear viscous behaviour is an asymptotic
end member of DG-2 material behaviour, but
that linear elastic (Hookean) behaviour is not. Con-
sequently, the predictions of our viscoelastic model
will differ substantially from those based on linear
viscoelastic Maxwell materials, in which elastic-
energy storage depends strictly on spatial configur-
ation. We then analyse DG-2 materials in simple
shear, and find that this one-dimensional motion
suppresses the dynamic rescaling mechanism
found earlier in the pure shear case.

We then elaborate on the transitional thermo-
dynamics of DG-2 materials, arguing that in the
dynamic Earth system, the competition between
thermal and mechanical energy fluxes will deter-
mine the physical thickness of the lithosphere. The
coldest parts of this system will therefore appear
isothermal and ‘rigid’, while its warmest parts
will be adiabatic. Thus, we envisage the subduc-
tion process as a non-equilibrium transition from
isothermal to adiabatic conditions, and the upwel-
ling of material beneath oceanic spreading ridges
as a quasi-equilibrium transition from adiabatic to
isothermal conditions. The onset of ‘rigidity’ there-
fore accompanies the cooling process, but is inde-
pendent of the viscosity. Consistent with this
global view, we envisage shortening in mountain
belts as a quasi-isothermal process (Patton &
Watkinson 2005).

Finally, we attempt to constrain oceanic litho-
sphere thickness by correlating known planetary
structure, based on the seismic reference models
PREM (Dziewonski & Anderson 1981) and iasp91
(Kennett & Engdahl 1991), with the results of a
simple harmonics analysis based on the transitional
stress-energy states of DG-2 materials. We find
the misfit minimized for an effectively rigid layer
about 100 km thick. This semi-empirical concep-
tual model we call the Thermomechanical Earth
Reference Model (ThERM). The localization of
shear at specific and systematic pressures within
the Earth, implied by ThERM, suggests that the
depths to ‘detachments’ in mountain belts are glob-
ally correlated. It also suggests a fundamental
balance between the structure of the continents
and ocean basins, consistent with global isostasy
(Hess 1962).

We finish our presentation with a discussion of
some of the issues raised by our analyses. Specifi-
cally, we explore the interplay of prior distributions
of geometry with the advertised dynamic rescaling
mechanism, and examine its likely observational
consequences and potential constraints for the
progressive development of shear zones. We also
address the similarities, differences and limitations
of DG-2 material theory vis-à-vis modern compu-
tational multiscaling approaches.

Modelling concept and approach

Statement of physical principles and their

role in geological theory

Mathematical approaches to modelling geological
processes involve nothing more than the application
of conservation principles for mass, energy and
momentum to phenomena of interest under certain
simplifying assumptions. Most geologists are likely
to be familiar with these concepts, although not with
their mathematical statement. Note that sometimes
we refer to a given principle as a ‘balance law’,
instead of a ‘conservation principle’. This is because
we cannot always assume closure of a particular
system for the associated quantity, as is the case
for momentum in self-gravitating systems discussed
below.

However, any approach is incomplete without
considering the entropy, which, through the second
law of thermodynamics, determines whether a
process is physically realizable. Note that because
entropy generally increases during the evolution
of a natural system, it is neither conserved, nor
balanced; most entropy relations therefore are
inequalities. Thus, we associate positive entropy
changes with ‘spontaneous’ and ‘dynamic’ aspects
of natural phenomena.

The diversity of interests, and methods emp-
loyed, in the many disciplines of geology present
difficulties for the theoretician. For example, while
geochemists emphasize equilibrium thermodyn-
amic concepts, seismologists emphasize Hookean
elasticity and wave propagation, and structural geo-
logists emphasize strain compatibility and detailed
geometry. How is it possible to address such
an interdisciplinary audience? Nevertheless, this is
the theoretician’s role, who, by making an explicit
statement of a problem, then determines what it pre-
dicts or implies when considered as an exact model
using deductive methods. Comparisons of theory
with observational data, and the design of exper-
iments testing theoretical predictions necessarily
follow such analysis.

Dynamics, stress and gravity in Newton’s

absolute space-plus-time

Geological processes reveal that the Earth is a
dynamic system, with gravity generally accepted
as the ultimate driving force for tectonic motions.
Nevertheless, how do we account for gravity
in this system? In laboratory-scale applications
to fluid mechanics, the effects of gravity enter
Cauchy’s momentum balance equations (1)
through the term, r f, where r is mass density, f
is the body force per unit mass, a is material
acceleration, and r . S is the divergence of the
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stress tensor, S (see Table 1).

ra ¼ rf þ5 � S (1)

This is simply Newton’s second law, force ¼
mass � acceleration, written for the case where
gravity is an external force acting on an ideal con-
tinuous medium for which an arbitrary stress

tensor has been specified. Cauchy arrived at this
differential form of momentum balance by assuming
conservation of mass and sufficient smoothness of
the functions appearing in (1) (Linn & Segel 1994).

In Newton’s Universal Gravitation, gravity is
a force, proportional to the product of the masses
of two particles, and inversely proportional to the
squared distance between them in absolute space.
A local mass, assumed small compared to the

Table 1. Mathematical symbology

Symbol Dimension*,†,‡ Quantity

x, y, z L Space variables
t T Time variable
1, s – Small scalar parameters
u, v, w LT 21 Velocity components in x, y, z directions
S, Sxz ML21T 22 Stress-energy tensor, components subscripted
f LT 22 Body force per unit mass (‘gravitational acceleration’)
a LT 22 Acceleration of material (¼ Dv/Dt)
p ML21T22 Pressure scalar
I – Unit, or identity tensor
m ML21T21 Dynamic viscosity
A(1) T 21 Velocity-strain tensor
A(2) T 22 Acceleration-strain tensor
b1 ML21 First normal stress coefficient
b2 ML21 Second normal stress coefficient
L T 21 Velocity gradients tensor
Dh/Dt [h]T 21 Material time derivative of function h ¼ h(x, y, z, t)
c – Stress-energy function/stream function
a, jaj – Rescaling function, modulus
t1, t2 T Natural times of a DG-2 material
l – Hypothetical rescaling factor
j L Rescaled space-like variable
w T 21 Vorticity
D L22 Laplacian operator
< L22 Rescaling operator
r � L21 Curl operator
r . L21 Divergence operator
r L21 Gradient operator
r ML23 Mass density
Cp L2T 22K21 Heat capacity at constant pressure
d L Length, or distance
k MLT 23K21 Thermal conductivity
k L2T 21 Thermal diffusivity
x L2T 21 Mechanical diffusivity
k /x – Thermomechanical competence
Q ML2T 22 Heat energy
S ML2T 22K21 Entropy function
T K Absolute temperature
c L ¼ (jajk/x)21 – Localization threshold

c D ¼ (k/x)21 – Distribution threshold
z ¼ 4

p
3 – Circumscription radius or linking length

g T 21 Shearing rate
g, gx, gz L Shear band normal vector, components subscripted
v – Wavenumber
n – Power law exponent

*M, L, T and K denote mass, length, time and absolute temperature in Kelvin, respectively.
†Square brackets [] denote the dimension of enclosed quantity.
‡A dash – denotes dimensionless quantities.
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primary mass, moves in a conservative potential
field, whose strength is proportional to the primary’s
mass and decreases as the inverse distance of the
local particle from the primary. In a sense, the sma-
ller particle is a mere probe of the larger particle’s
field. This is classical action at a distance.

A conceptual problem with this physical view,
raised by considering Earth’s strong self-gravity,
is that because it requires the seat of gravitational
action to be external to the local mass, it appears
to rule out gravitational interactions between neigh-
bouring particles. In other words, it is a theory of
the matter free gravitational field. Other limitations
are that it depends on a coordinate frame pinned to
the primary body, and that its gravitational effect
is instantaneous (Misner et al. 1973). This raises
practical problems as well, in that precise knowledge
of the density and distribution of matter throughout
the system is required, in order to account for the
mutual effects of gravitation between particles.

Such criticisms merely show that the presence of
the body force term in Cauchy’s momentum balance
equations is consistent with Newton’s views on
gravity. Of course, this is what we would expect,
given that Cauchy’s work in continuum mechanics
followed Newton’s work by more than a century,
and pre-dated Einstein’s (1916) work on gravitation
by at least 65 years. Thus, we might do well to
consider what changes can be made to Cauchy’s
equations, without sacrificing fundamental prin-
ciple, so that our geological theory embraces more
modern gravitational concepts.

Stress-energy in four-dimensional

space-time

Einstein’s view of physics is that all interactions are
‘local’; this holds for gravitation too. If we hew to
this local view, and erase the body force term in
Cauchy’s equations, we again obtain a model where
gravity appears to play no role whatever, a dull
‘dynamic system’ indeed. However, this appearance
is deceiving, because we can rewrite the body force
term as an additional term in the divergence of
the four-dimensional (4D) stress-energy tensor, as
done by Einstein (1916). This speculative point of
view ‘is not only legitimate, but also in accordance
with the physical standpoint which refuses to admit
action at a distance, and asserts that every disturb-
ance is transmitted by mediate action’ (Levi-Civita
2005, pp. 349–350). In other words, given an appro-
priate stress-energy tensor, we can study the matter
bearing gravitational field.

Conceptually, this generalization of the momen-
tum balance acknowledges that gravity has its
source in the local, measurable, properties of matter
(i.e. rocks), consistent with the role of mass in
Newton’s theory, but also requires that gravitational

momentum be propagated at the speed of interac-
tions between the constituent parts of local matter.
This includes the pre-existing geometries, as well
as the other physical properties of the minerals,
melts, fluids, and heat comprising the system. This
is ‘an interesting issue of solid state-physics’,
hinted at by Misner et al. (1973).

A question raised by this approach is, therefore,
what are the spatial and temporal scales of the pro-
cesses that shift energy and mass around the Earth
system? Furthermore, because the direction and
manner in which such a system evolves should
depend on its entropy function, in accordance with
the second law of thermodynamics, this raises
another, more difficult question, namely, what form
of the second law should we use? Can we consider
Earth’s dynamic behaviour as a quasi-statical vari-
ation through equilibrium states? Assuming this is
the case, do we use the classical formulation of
Caratheodory and Gibbs (Chandrasekhar 1967;
Lavenda 1978), or is it better to use the sophisticated
multiscaling approaches of modern computational
geodynamics (Regenauer-Lieb et al. 2006)? Are
there yet other alternatives?

If instead, we assume that Earth is a fundamen-
tally open and non-equilibrium system, is Lavenda’s
(1995) ‘new thermodynamics of self-gravitating
systems’ a viable alternative? He argues that, altho-
ugh in many situations the energy and entropy
descriptions of thermodynamics are interchange-
able; under other conditions, this symmetry can be
broken. In the latter case, the energy and entropy
descriptions are merely complementary, with the
‘correct’ one reporting a positive heat capacity.
Furthermore, he argues that the entropy (energy)
change should be a concave (convex) function of
the energy (entropy) variable. Note that, for a
convex function, the chord connecting any two
points on the curve will lie above the curve itself.
Taking the diffusivity ratio k/x (Fig. 1a) to represent
the entropy variable, the observed convexity of the
monotonically decreasing stress-energy thresholds
(coloured curves) suggests that this approach is
potentially useful. We shall return to this interesting
question, briefly, later in the contribution.

We now concentrate on understanding the
physics of spatiotemporal scales embodied in simple
ideal material models. Some constraint on these
scales can be found by solving the divergence of
the stress-energy itself, without us having to try to
solve Einstein’s gravitational field equations. This
is a middle road so to speak, where we retain the
conceptual foundation of General Relativity, but
have a much simpler problem to solve. Note,
however, that a full dynamic solution will require
detailed analysis of Einstein’s field equations.

How do we account for the behaviour of Earth
materials in this context? It is reasonable to expect
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that the stress-energy inside a star, say, will differ in
some way from that in interstellar space, or in the
atmosphere of a giant gas planet, or in the mantle
of a terrestrial planet like Earth. Following the

example of astronomy (Chandrasekhar 1967), we
therefore appeal to an ideal material model, in this
case the DG-2 material (Rivlin & Ericksen 1955;
Dunn & Rajagopal 1995; Truesdell & Noll 2004),
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Fig. 1. (a) Stress-energy thresholds for distributed, c D, and localized, c L, deformation as a function of k/x (after
Patton & Watkinson 2005). Note that the red, dashed and orange curves, together, comprise the locus of c L. Transitional
stress-energy states, described in the text, appear as open symbols (circles and triangles). (b) Rescaling modulus jaj as a
function of k/x. Seven distinct rescaling modes, indicated by open squares labelled with bold letters, include the
entropic invariant point at k/x ¼1/2 (see Table 2 for numerical values).
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which includes those used in other contexts as
special cases. Note that in pursuing this line of
inquiry we, for the present, set aside detailed con-
sideration of the wealth of experimental data from
the material science and rock mechanics literature,
and instead seek insight from these idealized
physical models. Our approach is therefore distinct
in some ways from those typical in the modern
geodynamics literature, in that it seeks systematic
constraints on the temporal and spatial scales of
geological processes, from a self-consistent theor-
etical point of view. Nevertheless, our approach is
complimentary to modern geodynamics, in that it
offers an alternative perspective on the same Earth
system. Thus, there is every expectation that these,
seemingly disparate, approaches should eventually
converge.

DG-2 Materials: description,

frame-indifference and constitutive

definition

Materials of differential type of complexity r
comprise a special class of ideal non-linear
materials, first derived by Rivlin & Ericksen
(1955), for which the stress is a continuously differ-
entiable functional to finite order r in the defor-
mation gradient (Truesdell & Noll 2004). DG-2
materials are a particularly simple example of this
class of materials, for which the stress reduces to a
polynomial function depending on only two succes-
sive material time derivatives (r ¼ 2), and where the
term ‘grade’ replaces ‘complexity’, to indicate their
relatively specialized nature. The name ‘differential
grade-2 material’ is just a shortened version of the
complete phrase ‘material of differential type of
grade two’ (Truesdell & Noll 2004).

Readers interested in learning more about these
and other ideal materials should consult review
papers by Rundle & Passman (1982), and Dunn &
Rajagopal (1995). The former paper discusses the
application of various constitutive equations to
problems in geology and geophysics, while the

latter presents a detailed historical review of the
application of DG-2 materials to the study of visco-
metric flows in polymer rheometry.

The constitutive definition (Equations 2–4),
below, expresses the total stress in an incompr-
essible DG-2 material, in a specific but arbitrary
material frame. As is usual in continuum mechanics,
we suppress the basis vectors for this frame, and
focus instead on matrix functions of the correspond-
ing components. The ‘tensors’ we speak of here are,
therefore, more properly called coordinate tensors
(Guggenheimer 1977). This leads to a cleaner
presentation, albeit at the expense of rigor. Never-
theless, the properties we wish to develop are inde-
pendent of the material frame (Patton unpublished
notes, CSIRO). This is consistent with the Principle
of Material Frame-Indifference (Truesdell & Noll
2004), which is satisfied by DG-2 materials. Bragg
(1964) generalized this principle to relative motions
in four-dimensional space-time, with his Principle
of Non-sentient Response. Thus, equations (2–4)
also define a total stress-energy tensor consistent
with modern gravitational theory, where the usual
body force term has been absorbed into the diver-
gence term (Einstein 1916; Levi-Civita 2005).

Note that the Principle of Non-sentient Response
excludes materials defined in terms of reference
configuration, the notion that underpins the classical
definition of solids. In particular, this excludes
Hookean materials from this conceptual approach.
DG-2 materials also exclude Hookean solids, con-
sistent with both their constitutive definition (see
below), and limiting cases of incipient modes analy-
sis, presented in a later section of this contribution.
In the sequel, we assume that equations (2–4) com-
prise an exact constitutive definition of DG-2
materials, apart from any notion of approximation.

In equation (2), I, A(1) and A(2) are the unit
tensor, and so-called velocity-strain

S ¼ �pI þ mA(1) þ b1A(2) þ b2A(1)2 (2)

and acceleration-strain tensors, respectively (Rivlin
& Ericksen 1955). The velocity-strain tensor is just
twice the stretching tensor, defined as the average of
the velocity gradients tensor, L ¼ rv, with its trans-
pose, denoted with a superscripted T (Equation 3).
It is therefore symmetric.

A(1) ¼ Lþ LT (3)

The acceleration-strain tensor, given by (4),

A(2) ¼ DA(1)=Dt þ A(1)Lþ LT A(1) (4)

exhibits three terms, all of which contain the
velocity-strain tensor (3). This is consistent
with the recursive definition of differential-type
materials, mentioned above. The first term in (4),

Table 2. Transitional thermodynamic states of a
DG-2 material

Mode k/x jaj c D c L

B0 1 1/
ffiffiffi
3
p

1
ffiffiffi
3
p

Y0 0.8064 0.4843 1.240 2.561
X0 0.5736 0.2618 1.743 6.660
S 1/2 0 2 1
X 0.4366 0.2601 2.290 –
Y 0.3100 0.4843 3.226 6.660
B 1/4 1/

ffiffiffi
3
p

4 4
ffiffiffi
3
p
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a material time derivative, denotes differenti-
ation with respect to time and space variables. The
common appearance of such derivatives in conti-
nuum mechanics acknowledges that the processes
of interest occur in space-time. This is consistent
with the point of view outlined in the opening
section of the contribution. The second and third
terms of (4), taken together, are symmetric and
quadratic in the velocity gradients. They are the
source of the advertised dynamic rescaling mechan-
ism, demonstrated under quasi-static conditions in
a following section.

In equation (2), the quantities p, m, b1 and b2,
are the pressure, dynamic viscosity and the first-
and second-normal stress coefficients, respectively
(Dunn & Rajagopal 1995), which are potenti-
ally temperature- and composition-dependent. In
general, the pressure field stores energy due to
compression, while the viscosity field dissipates
energy in shear. DG-2 materials are interesting
because they also dissipate and store energy due to
shear, over finite time intervals, such that t1 / b1

and t2 / b2.
Truesdell (1964) calls these intrinsic time scales

the ‘natural times’ of a DG-2 material. It is not clear
a priori whether these ‘natural times’ relate to stress
relaxation, flow retardation, or something else.
First, Dunn & Rajagopal (1995) point out that the
stress ‘memory’ of DG-2 materials is infinitesimally
short. Consequently, the term ‘relaxation time’
seems inappropriate. Second, given the lack of con-
nection between the Coleman-Noll approximation
theorem (Coleman & Noll 1960) and the history a
geologist really seeks, the term ‘retardation time’
too seems inappropriate. Third, Truesdell (1964)
showed that these times modulate the absorption
and phase shift of plane waves, over a range of fre-
quencies. What we seem to be up against here is a
body of theory that has not yet matured enough to
have a clear, precise lexicon for the concepts it
embodies (Truesdell & Noll 2004). Nevertheless,
we shall retain Truesdell’s (1964) term ‘natural
time’ for these quantities, because it is more descrip-
tive for what one actually finds.

Pause to note that equation (2) includes simpler
ideal materials as special cases. If m ¼ b1 ¼
b2 ¼ 0, then (2) reduces to a perfect, pressure only
(Euler) fluid. Again, if only b1 ¼ b2 ¼ 0, with m
nonzero, then (2) reduces to a linear viscous (New-
tonian) fluid. Finally, if only b1 ¼ 0, with both m
and b2 non-zero, then (2) reduces to a non-linear
viscous (Reiner–Rivlin) fluid. Note that each of
these ideal materials exhibits particular physical
characteristics, and thus represents a distinct phys-
ical model (Dunn & Rajagopal 1995). Power-law
viscous fluids are just a special case of the
Reiner–Rivlin material (cf. Fletcher 1974; Smith
1977).

DG-2 materials in pure shear

Quasi-static analysis

Consider a 2D domain, occupied by a DG-2
material, in which a specific but arbitrary set of
Cartesian axes are drawn through an arbitrarily
chosen point (Fig. 2a). Now consider a pure
shearing, plane strain deformation field, where the
velocity components (u, w) expressed in this
coordinate system are assumed proportional to
the distance from the origin in the following way,
(u, w) / (2x, z). Clearly, the x-axis is the shorten-
ing direction, the z-axis is the stretching direction,
and the origin is the stagnation point of this field.
Because the velocity components are assumed
independent of time, the resulting velocity field is
also steady, so that the material time derivative
vanishes for a given particle of the material,
that is, DA(1)/Dt ¼ 0 in equation (4). The stress
components in this coordinate system are

Sxx ¼�pþ 2m
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In these equations, the subscripts, for example, xz,
refer to components of stress, the first indicating
the normal to the surface element acted upon, and
the second indicating a component of the force
vector. Seeking velocity perturbations of the form

p ¼ p0

u ¼ u0(x)þ 1u1(x, z, t)þ O(12)

w ¼ w0(z)þ 1w1(x, z, t)þ O(12)

(6)

where the first-order functions (u1, w1), proportional
to a small scalar parameter 1, are taken as functions
of both space and time, these stresses can be written

Sxx ¼ �p0 � 2mþ 4(b1 þ b2)

þ 1 2m
@u1

@x
� 8(b1 þ b2)
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Szz ¼ �p0 � 2mþ 4(b1 þ b2)

þ 1 2m
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Sxz ¼ Szx ¼ 1 m
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�
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@x

� ��
þ O(12) (7c)

Linearization of this system results by neglecting
terms of order 12 and higher. Note that in doing
so we retain normal stress terms previously neg-
lected in geological analyses. We find the differen-
tial equation governing the linear stability of the
incompressible DG-2 material in our domain by
substituting equations (7) into the stress equilibrium
equation, given by

(Sxx � Szz), xz þ Sxz,zz � Sxz,xx ¼ 0: (8)
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Fig. 2. (a) Pure shearing deformation field with (u, w) / (2x, z). (b) Simple shearing deformation field with
(u, w) / (z, 0). (c) Shear band geometry. g is unit normal vector to the band, and u is the angle between the shortening
axis, or shear direction, and the band. The small scalar parameter 1 ¼ d*/L* delimits the linear range of this mode.
(d) Fold geometry. Mean position of competent layer initially coincident with shortening axis. Amplification of folds,
with normalized wavelength L*/H* ¼ 2p/v, is exponential in 1 ¼ d*/H*.
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Note that subscripts following commas denote
spatial derivatives with respect to the indicated
variable. Consequently, the (constant) pressure
terms drop out. Note that while the pressure in this
model is an additional field to be determined, the
dynamic rescaling mechanism itself is isopycnal,
occurring at constant pressure. By expressing
all velocities in terms of a function c, that is,
(u, w) ¼ (c,z, -c,x), so that incompressibility is iden-
tically satisfied, we obtain the governing diharmonic
equation (Patton & Watkinson 2005)

0 ¼ a2 @
4c

@x4
þ (1þ a2)

@4c

@x2@z2
þ
@4c

@z4
(9a)

a2 ¼ (1� 2t1)=(1þ 2t1) (9b)

t1 ¼ b1=m: (9c)

In ‘flow’ problems, c is the stream function, but in
the present context it makes more sense to think of
it in general terms as a stress-energy function.
Streaming flow is a special case of more general
motions described by a stress-energy function.
Equation (9c) defines the dimensional natural time
t1 (Truesdell 1964), associated with shear energy
storage, in terms of quantities appearing in the con-
stitutive definition of the DG-2 material (Equation
2). Note that the expression for a2 (Equation 9b)
is a pure (dimensionless) number, vanishing for
t1 ¼ 1/2 [time] units (Fig. 1b). Consequently, the
diharmonic equation (9a) is singular there,
suggesting a dramatic transition in material behav-
iour for values of the natural time near 1/2 [time]
units (Patton & Watkinson 2005).

Dynamic rescaling and localization

The transitional behaviour, mentioned above, per-
tains regardless of how we measure time and, as
shown here, self-consistently links the spatial and
temporal scales of the shear localization process,
independently of how we measure space. In other
words, it is an invariant property of DG-2 materials.
We demonstrate this via singular analysis, repro-
duced in part from Patton & Watkinson (2005)
and expanded to reveal the exact mathematical
conditions for this statement. When combined
with subsequent incipient modes analysis, this
theorem provides a self-contained account of the
properties of DG-2 materials in pure shear. Conse-
quently, we can define the natural time of these
materials only locally, within the context of a
specific problem. This is a relativization of elastic
material behaviour, freeing it from the classical
bonds of absolute space and universal time, and
emphasizing the role of the observer.

Theorem. For the diharmonic equation (9a, b)
to govern the pure shearing deformation of an

incompressible DG-2 material, for arbitrary refer-
ence time scales tref, it is both necessary and suffi-
cient that there exist a rescaling factor l for
lengths in the system, such that l ¼ jaj as the
natural time (9c) approaches t1 ¼ 1/2tref units.

Proof. In the limit, as the natural time approaches
t1 ¼ 1/2tref units from either side, the coefficient
function (9b) approaches zero (Fig. 1b). Consequ-
ently, in this limit, the leading term of (9a) will
tend to zero, resulting in singular behaviour in
space. Thus, near this singularity, (9b) defines
a small scalar parameter s, such that 0 , s ¼
ja2
j ,, 1. Introducing a change of spatial variable

j ¼ x/l into Equation (9a), we can deduce the
rescaling factor l for lengths where this singularity
dominates material behaviour. The transformed
stress-energy equilibrium is

s

l4

@4c

@j 4
þ

(1þ s)

l2

@4c

@j2@z2
þ
@4c

@z4
¼ 0: (10)

Comparing the coefficients of the first two terms
in Equation (10), we obtain

s

l4
¼

1þ s

l2
) l2 ¼

s

1þ s
) l � s1=2 (11)

or

l � jaj (12)

While relation (12) is only approximate in the
stress-energy function c, it is exact in the vorticity.
This is an indication that two-dimensional modes
of failure characteristic of DG-2 materials are
associated with shearing motion. We show this by
factoring the differential operator in equation (9a),
obtaining

0 ¼ a2 @
2

@x2
þ
@2

@z2

� �
@2

@x2
þ
@2

@z2

� �
c: (13)

Defining the function

w ¼
@2c

@x2
þ
@2c

@z2
; Dc (14)

where the symbol D denotes the Laplacian operator,
we can rewrite equation (13) as

0 ¼ a2 @
2w

@x2
þ
@2w

@z2
; Rw: (15)

Here we have defined the rescaling operator <.
Using these operator definitions, we can rewrite
equation (9a) as

RDc ¼ 0: (16)
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Note that the function w (Equation 14) is simply the
vorticity, as shown by inverting the stress-energy
function c for the components of velocity, for
example (u, w) ¼ (c,z, 2c,x), obtaining

w ¼
@u

@z
�
@w

@x
; 5� v: (17)

A rescaling analysis of equation (15), similar to
that employed above, yields

s

l2
¼ 1) l2 ¼ s) l ¼ s 1=2 (18a)

or

l ¼ jaj: (18b)

QED.

Corollary. Self-consistency of the pure shearing
deformation of incompressible DG-2 materials
requires the rescaling of lengths x, say, over
natural times t1 dictated by the local geometry of
the system, according to the relation (19). This
‘dynamic rescaling’ is exact in the vorticity, and
independent of arbitrary reference length scales dref

j ¼
x

jaj
: (19)

The foregoing theorem and its corollary amount
to smoothness conditions for the assumed pure
shearing deformation field, and demonstrate that
the mechanical failure of DG-2 materials locally
involves rotational motions. In other words, rotati-
onal motions will accompany all spontaneous shear-
ing deformations in these materials, consistent with
known properties of elastic solids. This is in addition
to the volumetric motions expected under a general
relaxation of the incompressibility constraint. If
such transition occurs rapidly, then we can expect
shear localization to be a source for both shear and
compressional waves, because the normal-stress
terms of Equation (2) couple these two modes of
motion. Thus, the failure of quasi-rigid structures
might potentially be seismogenic. This coupling of
compression and shear is a general property of
mechanically non-linear materials, and not unique
to DG-2 materials (Truesdell & Noll 2004; Segel
1987). We call jaj the rescaling modulus, because
it is the real magnitude of the, possibly complex,
rescaling function (equation 9b).

In the corollary, we have used the term dynamic
rescaling to denote the failure mechanism demon-
strated above. This mechanism focuses deformation
on the smallest physical dimensions of the system,
over finite time intervals, hence leading to spatial
localization. Use of the adjective ‘dynamic’ is con-
sistent with the potentially seismogenic nature of

such processes in crystalline media, and the fact
that they are directly related to time, through the
natural time of the DG-2 material. The intimate
relationship between space and time implied by
dynamic rescaling, suggests that prior distributions
of geometry in deforming stacks of rocks will both
affect dynamic rescaling, in the sense of boundary
conditions, and be affected by it, such that the result-
ing geometric distributions will be different from
those that existed prior to the deformation. This
is, by definition, non-linear behaviour. There is no
reason a priori to assume that these statistical distri-
butions will be normal, and in fact, they are likely
to have long tails (Lavenda 1995). This suggests
a deformation process in which a diffusion of
mechanical energy results from the statistical inter-
action of existing structures under far field forcing.
Regardless of whether that forcing arises from the
action of gravity in the dynamic Earth, or from
the slowly moving platens of a loading device in
the laboratory, the effect is the same. Shear will
tend to localize.

Thermomechanical competence, its

measurement, and energy thresholds revisited

The results of the preceding section suggest that
mechanical energy can diffuse through a DG-2
material, when interpreted as modelling rock defor-
mation. Consequently, we should be able to design
experiments that measure the predicted effect. In
order to do so, we need: (1) a standard of reference
for our measurement and (2) some idea of the order
of magnitude of the effect we seek. Only then can
we test for it.

We begin, as is common in earth-applied
theories, by introducing a convenient reference
timescale based on the heat conduction properties
of silicates, for example, tref ¼ rCpd2/k, where r
is mass density, Cp is specific heat at constant
pressure, d is length and k is thermal conductivity.
This amounts to normalizing the natural time spec-
trum of a DG-2 material by the chosen reference
time. We therefore rewrite equation (9b) as

a2 ¼ [1� 2(k=x)]=[1þ 2(k=x)] (20)

where k ¼ k/rCp is the thermal diffusivity and
x ¼ d2/t1 is a mechanical diffusivity. The par-
ameter k/x provides a physically sensible measure
of competence, and places the behaviour of DG-2
materials in a useful thermodynamic context. We
shall call the ratio k/x the thermomechanical com-
petence, because it explicitly ties this classical geo-
logical notion to a competition between thermal and
mechanical energy fluxes.

Before proceeding, we pause to reconsider our
earlier work on the diharmonic equation in light of

SHEAR LOCALIZATION IN SOLIDS 749



the new thermomechanical competence parameter.
Figure 1a, b are revised versions of figures
appearing in Patton & Watkinson (2005, figures 4
and 5). Comparison of these figures shows that
thermomechanical competence has replaced the
‘Weissenberg number’, rescaling modulus has
replaced the ‘spectral radius’, and stress-energy
density has replaced the ‘scalar energy density’.
As this is merely a changing of word labels and
symbology, we can rewrite the distribution and
localization thresholds as

c D ¼ (k=x)�1 (21)

and

c L ¼ (jajk=x)�1: (22)

We also retain the interpretations of (21) as an
energy threshold for the onset of distributed defor-
mation, for example, folding, and of (22) as an
energy threshold for the onset of localized deforma-
tion, for example, faulting. Incipient modes analysis
provides further support for this application of
DG-2 material theory, already shown to be consist-
ent with structural observations in a variety of pure
shearing isothermal settings (Patton & Watkinson
2005). Nevertheless, we will demonstrate that
another, equally viable interpretation of the energy
diagram (Fig. 1) is possible. In addition, there are
some minor differences between the two gener-
ations of figures requiring explanation. Because
thermodynamic considerations motivate these
differences, it is necessary, prior to explaining
them, to introduce some additional concepts.

Transitional thermodynamics,

stress-energy states and entropic

invariance

Where does the thermodynamics of DG-2 materials
sit with respect to ideal isothermal and adiabatic
conditions, familiar from equilibrium thermodyn-
amics? Recall that adiabatic conditions pertain
when no heat transfer occurs between parts of a
system. This is consistent with the limit as k! 0.
Hence, ideal adiabatic conditions pertain when ther-
momechanical competence vanishes, at the left
hand side of Figure 1. Note also, by Caratheodory’s
statement of the second law of thermodynamics,
dQ ¼ TdS, for a positive absolute temperature T,
the entropy differential dS vanishes when the heat
differential dQ vanishes. Thus low thermomechani-
cal competence implies little to no entropy change
in the system. Similarly, isothermal conditions
pertain when heat transfer is instantaneous

between parts of a system. This is consistent
with the limit as k! 1. Hence, we expect ideal
isothermal conditions to pertain as thermomech-
anical competence goes to infinity. Again, from
the second law of thermodynamics, this implies
that the absolute temperature no longer determines
the proportionality between energy and entropy,
and that entropy changes can be arbitrarily large,
independent of the energy. Consequently, we find
that DG-2 materials define a wide range of possi-
bilities, transitional between these two ideal thermo-
dynamic conditions.

We abstract the transitional thermodynamics of
DG-2 materials using a set of stress-energy states,
denoted by open symbols in Figure 1a. The seven
distributed and five localized stress-energy states,
indicated with circles and triangles respectively,
correspond in a systematic way to seven distinct
rescaling modes of the diharmonic equation
(Fig. 1b, squares). For ease of reference, we
denote these rescaling modes using bold letters, in
order of increasing thermomechanical competence,
B, Y, X, S, X0, Y0 and B0. This correspondence
follows directly from a series of axis-parallel pro-
jections, indicated by thin grey lines crossing both
panels of Figure 1. Four of the 12 states follow
from the assumed fundamental balance of thermal
and mechanical diffusivities implied by k/x ; 1
(viz. distributed and localized states of B and B0).
Seven more follow from the assumed relevance of
the relative stress-energy minimum in c L at k/
x ffi 0.31 (viz. distributed states Y, X, X0 and Y0;
and localized states Y, X0 and Y0). The last state
follows from the implied existence of a distributed
stress-energy state at k/x ; 1/2 (viz. distributed
state S). Finally, we note that stress-energy across
this transitional region increases by a factor of
4
ffiffiffi
3
p

with decreasing thermomechanical compe-
tence. This number appears so often in the study
of DG-2 materials that we assign it a symbol, viz.
z ; 4

ffiffiffi
3
p

.
Note that the localized state X of Patton &

Watkinson (2005, fig. 5) is excluded from our
Figure 1a, and the rescaling modes X and X0 in
our Figure 1b are shifted with respect to those in
their figure 4. This is because, in the thermo-
dynamics of non-equilibrium and self-gravitating
systems, the stress-energy curve should be a mono-
tonically decreasing convex function of the entropy
(Lavenda 1995). This interpretation is consistent
with the three, coloured branches of the energy
threshold curves in Figure 1a, taking thermomech-
anical competence as a statistical entropy measure,
but inconsistent with the monotonically increasing,
dashed localization branch in the range 0.31 , k/
x , 1/2. Thus, a transition between the localized
states Y and X0, which exhibits no difference in
stress-energy (dotted horizontal line from red to
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orange branches of c L), defines a positive and finite
increase in the entropy of about 0.26k/x. Conse-
quently, the dynamic rescaling of DG-2 materials
appears to embody some form of entropic invar-
iance, tied to the spatiotemporal scales of the
deforming system. This is appealing, given that
the failure of rocks under load is both dynamic
and spontaneous. It is also consistent with the
point of view ‘that geometry is a dynamic partici-
pant in physics’, not ‘above the battles of matter
and energy’ (Misner et al. 1973, p. 337). This
insight holds for the matter bearing, as well as the
matter free, gravitational field.

Stress-energy thresholds for instabilities in DG-2
materials (Equations 21 & 22) clearly vary with
thermomechanical competence. Notice that for a
shear zone of thickness d shearing at rate g the
mechanical diffusivity is x ¼ d2g so that for a
material of constant thermal diffusivity, thermo-
mechanical competence is inversely proportional
to strain rate (i.e. k/x / g21 / t1). Consequently,
the mode of deformation of a DG-2 material is
sensitive to strain rate. This strictly excludes linear
elastic behaviour, which depends only upon spatial
configuration. Furthermore, because the natural
time t1 is finite, it shows that linear viscous behav-
iour is an asymptotic end member for vanishing
natural time. In addition, because this natural time
is intimately associated with shear energy storage
through local geometry, it implies the absence of
structure in linear viscous fluids, at least in a sense
meaningful to structural geology. Finally, note that
the thermomechanical competence has an even
stronger dependence on length d (i.e. k/x / d22),
a finding which has interesting implications for
interpreting the progressive development of shear
zones. We return to this briefly in the discussion.

Estimate for mechanical diffusivity and

the effective rigidity hypothesis

We turn now to estimating the order of magnitude
for the mechanical diffusivity. The concept of ther-
momechanical competence implies that a given
material is stronger if its ratio k0/x0 is greater
than that for another material k1/x1. Numerous
laboratory measurements of thermal properties for
common materials exist (e.g. Clauser & Huenges
1995; Vosteen & Schellschmidt 2003), but similar
measurements for mechanical properties are, at
present, lacking. Because thermal diffusivities of
silicates generally fall around k � 1026 m2 s21,
implying k0 � k1, we might simplify this example
of relative strength and weakness as x0 , x1. In
words, strong materials diffuse mechanical loads
more slowly than weak ones do, provided they
have similar thermal properties.

Considering that the transitional thermodyn-
amics of DG-2 materials imply a minimum four-
fold contrast in thermomechanical competence
(Fig. 1a), we conclude that the minimum mechan-
ical diffusivity should fall in the range 1025.7–
1025.3 m2 s21. This order of magnitude estimate is
just four times the thermal diffusivities, reported
by Clauser & Huenges (1995) and Vosteen &
Schellschmidt (2003), which range from about
1026.3 to 1025.9 m2 s21. Subsequently, we express
these values as 2log x or 2log k, thereby focus-
ing on the numerical exponents. Thus, the range
of thermal diffusivities can be written 5.9 �
2log k � 6.3, and the range of estimated minima
for mechanical diffusivity as 5.3 � 2log x � 5.7.
Note, that this expresses the minimum diffusivities
as maximum exponents, and vice versa. Conse-
quently, we predict that measured 2log x values
should fall within or below the range 5.3–5.7.

Observe that under general conditions (i.e. temp-
erature dependent diffusivities), k/x , 1 implies
that heat will diffuse more slowly than mechanical
energy, while k/x . 1 implies the opposite. In the
former case, under load, the material will tend to
deform carrying its heat along with it. In the latter
case, the material will appear rigid, with respect to
the heat flowing through it. Consequently, we find
that the ratio k/x ; 1 defines the minimum value
of thermomechanical competence that is consistent
with the appearance of rigidity, for the chosen
reference time scale. Thus, we propose the concept
of effective rigidity, and associate it with this funda-
mental ratio (F in Fig. 1a). We shall apply this
concept, and the stress-energy states deduced above,
to Earth’s entire tectonic system in the closing
section of our analysis. Prior to that, however, we
need to complete our mathematical exposition of
DG-2 materials.

Incipient modes analysis of DG-2 and

other ideal materials

Kinematic fields and trial solutions

We now compare and contrast some possible modes
of deformation for DG-2 materials with those
for other ideal materials. We substitute fault- and
fold-like trial solutions into the governing partial
differential equations for these materials, found in
the structural geology literature, to reveal possible
modes of behaviour, and thereby deduce condi-
tions for incipient structure growth. In all cases, par-
ameter ranges allowing real roots, or at least roots
with real parts, admit solutions of the assumed
type. In both trial solutions c is the stress-energy
function, identically satisfying incompressibility.
This linear analysis in no way constrains the finite
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growth of the resulting structures. Nevertheless, it
provides a common basis of comparison for phys-
ical models discussed in the literature, and sharpens
the distinctions between DG-2 and other ideal
materials. This comparison is currently limited to
the linear (Newtonian) and non-linear (Reiner–
Rivlin) viscous models. Note that because the
governing biharmonic equation for the linear
viscous material is identical to that for the linear
(Hookean) elastic material, we can draw some
conclusions about this material as well. However,
we must be careful to distinguish between the func-
tions satisfying the biharmonic equation in each
case, because they are not the same. We analyse
each of these materials in pure shear, and round
out the analysis of DG-2 materials by analysing
their response to simple shear.

For all these analyses, we consider a 2D domain
in which a specific but arbitrary set of Cartesian axes
are drawn through an arbitrarily chosen point. In
the pure shearing case, we consider a plane strain
deformation field where the velocity components
(u, w) expressed in this coordinate system are
assumed proportional to the distance from the
origin in the following way, (u, w) / (2x, z)
(Fig. 2a). For simple shear, we assume a kinematic
field in which the velocity components are such
that (u, w) / (z, 0) (Fig. 2b). Clearly, the base
field in this latter case is one-dimensional.

In the fault-like case, we use shear band solutions
(Equation 23), following presentations by Hill &
Hutchinson (1975) and Needleman (1979)

c ¼ expgzx�gxz : (23)

The vector g, normal to the incipient shear band,
has components gx and gz, parallel to the chosen
Cartesian axes (Fig. 2c). Consequently, the arctan-
gent of the (real) ratio gx/gz determines the angle
u between the band itself and the shortening direc-
tion. The ratio of the thickness of the incipient
band d*, to its length L*, provides a suitable small
scalar parameter 1, so that our deductions are rigor-
ous only for the case of a vanishingly thin band.

The usual normal modes (Equation 24) suffice
for the fold-like case (Patton & Watkinson 2005)

c ¼ expivxþrz : (24)

Here we assume that a relatively competent layer of
thickness H* has its mean position parallel to the
shortening direction, and that it is initially planar
(Fig. 2d). In other words, the boundaries of the
layer initially lie at z ¼+H*/2. As the layer short-
ens in the base field, it tends to thicken, and undula-
tory perturbations with amplitude d* might begin
to develop. The growth of such undulations into
observable folds depends on the relative rates of
their amplification v. uniform layer thickening

(Biot 1958; Fletcher 1974; Smith 1975, 1977;
Patton 1997). The wavenumber v predicts the nor-
malized wavelength of the incipient fold through
the relation L*/H* ¼ 2p/v. The small scalar
parameter in this case is 1 ¼ d*/H*, so that our
deductions are rigorous only for the case of infini-
tesimal fold amplitude.

Pure shear modes in linear viscous

and elastic materials

The biharmonic equation (25) (e.g. Smith 1975)
governs the pure shearing deformation of the
linear viscous (Newtonian) material

@4c

@x4
þ 2

@4c

@x2@z2
þ
@4c

@z4
¼ 0: (25)

Observe that the biharmonic equation is a special
case of equation (9), where the coefficient
a2 ; 1. This condition holds in the limiting case
where thermomechanical competence vanishes
(see Equation 20).

Substituting the fault-like trial solution (23) into
(25) reveals the duplicated roots

gx

gz

¼+i: (26)

These roots are always purely imaginary; consequ-
ently, no fault-like disturbances can grow in these
materials, under the assumed kinematic conditions.
Similarly, substituting the fold-like trial solution
(24) into (25) we obtain the duplicated roots

r ¼+v (27)

which are always real. Consequently, fold-like dis-
turbances can grow in both linear viscous and elastic
materials for a wide variety of boundary conditions,
as is well known from the structural literature.

Pure shear modes in Reiner–Rivlin

materials

Equation (28) governs the pure shearing defor-
mation of a non-linear viscous (Reiner–Rivlin)
material (e.g. Smith 1977)

@4c

@x4
þ 2

2

n
� 1

� �
@4c

@x2@z2
þ
@4c

@z4
¼ 0: (28)

Observe that the biharmonic equation (25) is a
special case of this equation, when the power-law
exponent n ; 1. Consequently, the only common
point between equations (9), (25) and (28) in
the parameter space spanned by n and a2 is the
linear viscous case where a2 ; n ; 1. Non-linear
viscosity affects only the mixed-partial terms of
this family of equations.
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Substituting the fault-like trial solution (23) into
(28), we obtain the duplicated roots

gx

gz

¼+

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�(2=n� 1) +

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(2=n� 1)2 � 1

qr
(29)

which are always imaginary, but have real parts for
2 , n , 1. This range of n is usually associated
with strain softening behaviour. The angles associ-
ated with these fault-like disturbances range from
0 to 45 degrees with respect to the shortening axis,
as n varies across the identified range. In the limiting
case as n! 1, commonly thought to model ideal
plastic behaviour, all shear bands form at 45
degrees to the shortening direction.

Similarly, substituting the fold-like trial solution
(24) into (28) we obtain the duplicated roots

r ¼+v

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(2=n� 1) +

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(2=n� 1)2 � 1

qr
(30)

which are nearly identical to those of the prior case,
except for a change of sign on the lead term under
the radical. These roots are also always imaginary,
but have real parts for 0 , n , 2. Consequently,
fold-like disturbances can grow for these very low
values of the power law exponent; values usually
associated with strain hardening.

Pure shear modes in DG-2 materials

Recall that the diharmonic equation (Equation 9a)
(Patton 1997; Patton & Watkinson 2005) governs
the pure shearing deformation of a DG-2 material.
Recall, also, that equation (20) defines the rescal-
ing modulus jaj in terms of thermomechanical
competence.

Substituting the fault-like trial solution (23) into
(9a), we obtain the distinct roots

gx

gz
¼+i or

gx

gz
¼+ia: (31)

While the first roots are pure imaginary, the second
roots are real for 1/2 , k/x , 1, where the rescal-
ing modulus itself is imaginary. Consequently,
localized fault-like disturbances are expected to
form at angles ranging from 0 to 45 degrees
with respect to the shortening direction in this
material, for these relatively high values of thermo-
mechanical competence. Significantly, an angle of
30 degrees is associated with the value k/x ¼ 1,
defining the onset of effective rigidity. This suggests
that fault-like disturbances should form, prefer-
entially, at about 30 degrees with respect to the
shortening direction in competent materials.

Similarly, substituting the fold-like trial solution
(24) into (9a) we obtain the distinct roots

r ¼+v or r ¼+av: (32)

These four roots are all real for 0 , k/x , 1/2,
thus local fold-like disturbances are expected to
form at these relatively low parameter values, in
connection with far-field forcing. These findings at
the lower limits of thermomechanical competence
are similar to those deduced in the linear viscous
case. Note also that for 1/2 , k/x , 1 these
roots are mixed, with two real and two pure ima-
ginary, suggesting that fold-like disturbances are
also possible in this range of thermomechanical
competence.

Simple shear modes in DG-2 materials

Equation (33) is the partial differential equation
governing the simple shearing deformation
(Fig. 2b) of a DG-2 material (Patton unpublished
notes, CSIRO)

0 ¼
@4c

@x4
þ 2

@4c

@x2@z2
þ
@4c

@z4
þ 2t1

@4c

@x@z3
þ
@4c

@x3@z

� �

(33a)

t1 ¼ b1=m: (33b)

Polymer rheologists call this motion ‘viscometric’
flow and have used it to study ‘second order
fluids’ (Coleman & Noll 1960), producing a vast
literature (Dunn & Rajagopal 1995). While some
of the early rheological papers offer an interesting
counterpoint to our results for DG-2 materials in
pure shear, much of this secondary literature is irre-
levant to geology. Readers interested in learning
more about these issues should refer to the papers
cited above.

Substituting the fault-like trial solution (23) into
equation (33), we find the characteristic equation

0 ¼ (g2
x þ g2

z )[(g2
x þ g2

z )� 2t1gxgz] (34)

with distinct roots, provided gx = 0 and gz = 0,
given by

gx

gz

¼+i or
gx

gz

þ
gz

gx

¼ 2t 1: (35)

The first roots are purely imaginary under all con-
ditions. Taking the natural time t1 to be positive
real, the second roots are found to be distinct and
real for every value on the interval 1 � t1 , 1.
Observe these roots are double real at t1 ¼ 1. As a
result, equation (33) admits a pair of shear plane
solutions at angles u ¼ (F, 90 2 F) with respect
to the shear direction. The predicted angles, F, of
incipient shear planes range from 45, down to 0
degrees as t1 increases from unity. Conjugate
shear planes occur at right angles to these. The
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exceptional cases gx ¼ 0 and gz ¼ 0 apply in the
limit as t1! 1, and correspond to shear plane
angles of 0 and 90 degrees, respectively.

Similarly, substituting the fold-like trial solution
(24) into equation (33) we obtain the characteristic
equation

0 ¼ (r2 � v2)[(r2 � v2)þ irv2t1] (36)

with distinct roots

r ¼+v or r ¼ +
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� t 2

1

q
� it1

� �
v: (37)

The first roots are of course always real. Further-
more, assuming the natural time to be positive real,
we see that the second roots have real parts provided
t1 , 1. This implies that fold-like disturbances can
form during the simple shear of DG-2 materials for
these relatively low values of the natural time.

Summary of results

As shown above, linear viscous and elastic materials
can fold or buckle, but do not manifest shear bands
in pure shear (Table 3). Because shear localization
at yield is a defining characteristic of rocks, we
find that the linear stress-deformation behaviour
of these materials is not relevant to modelling
localization processes. Of course, one may impose
localization upon these materials via rigid geometric
boundary conditions and empirical yield functions,
but that begs the question as to what defines such
‘rigidity’ in the first place.

Observe that the stress-energy function in the
viscous case simplifies to the stream function, fam-
iliar from fluid dynamics, and in the elastic case to
Airy’s stress function, familiar from engineering
theory. These are distinct functions differing by
T 21. Thus, viscous fluids provide a limiting case
of DG-2 materials, viz. vanishing natural time;
while elastic materials, defined in terms of spatial
configuration only, do not.

Non-linear viscous or ‘power-law’ materials
can either fold or shear band depending on the
value of the power-law exponent, but its roots are
neither distinct nor pure. Consequently, finding
straightforward algebraic deductions for the

possible deformation modes of this ideal material
is difficult. Exponents estimated by curve fitting to
laboratory data for common rock types fall in the
range 3 , n , 8. Taken at face value this suggests
that rocks might deform plastically in the labora-
tory, largely due to shear banding at very low
angles to the shortening direction.

The non-linear elastic behaviour of DG-2
materials appears to model ‘brittle’ localization
processes. As documented here and elsewhere,
DG-2 materials can either fold or shear band,
depending on the value of the thermomechanical
competence. Folds are possible for all parameter
values, while shear bands are possible only for
relatively high values. The separation of fold-fold
and fold-fault-dominated regimes at the value k/
x ; 1/2 is clear and distinct. Furthermore, the
stress-deformation relationship is dimensionally
consistent for all values of thermomechanical com-
petence. This contrasts with power-law materials,
where comparison of materials with disparate
power-law exponents is not dimensionally consist-
ent (Patton 1997, Chapter 3). For these theoretical
reasons, we hypothesize that all localization pro-
cesses are fundamentally ‘brittle’, that is, tied to
local energy storage and yield in shear, and that
‘ductile’ deformation arises due to spatiotemporal
averaging over macroscopic scales, at relatively
low values of thermomechanical competence.
Rocks are therefore rheological solids, and capable
of transmitting shear waves. Only in the case of
averaging these ‘brittle’ events over sufficiently
large space and time scales, could one conceive of
our rocky planet as a rheological fluid.

The separation between fold- and fault-
dominated regimes in the simple shearing case
occurs at t1 ; 1. This contrasts with the pure shear
case, where the separation occurs at 1/2. The differ-
ence reflects the suppression of dynamic rescaling,
an invariant property in the pure shearing case,
by the restrictive deformation field assumed in
the simple shearing case (Fig. 2b). The physics
of localized deformation embodied in DG-2
materials is therefore fundamentally 2D, while the
assumption of simple shearing is strictly one-
dimensional, and in some sense un-natural for
DG-2 materials. Although linear materials are

Table 3. Results of incipient modes analysis for ideal materials in pure shear

Ideal material PDE Geometry Faults Folds Notes

Perfect fluid Dc ¼ 0 Harmonic No No 2 distinct roots

Viscous fluid D2c ¼ 0 Biharmonic No Yes Duplicate roots

Elastic solid D2c ¼ 0 Biharmonic No Yes Duplicate roots
Reiner–Rivlin fluid Eqn. 28 Complex Yes Yes Mixed roots
DG-2 material RDc ¼ 0 Diharmonic Yes Yes 4 distinct roots
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good for modelling the behaviour of rheological
fluids (Dunn & Rajagopal 1995), they lack sufficient
physics to explain even the most basic observations
regarding natural tectonites and the structure of
mountain belts.

Mechanical diffusivity estimated from

GPS and structural data

Global positioning system (GPS) surveys can
provide precise geodetic time-series measurements
of continental crustal motions (e.g. Hammond &
Thatcher 2004). Data reported in such studies com-
monly include strain rate and differential velocity,
in addition to receiver location and spacing. Assum-
ing that the observed rates are inversely proportional
to the mean natural time of rocks in the deforming

region, these data are ideal for estimating mechan-
ical diffusivity (Table 4). For this purpose, recall
that mechanical diffusivity can be written
x ¼ d2g, where g is the observed strain rate over a
baseline distance d resolved by a given receiver
array. Alternatively, we can use the relation
x ¼ dv, where v is the observed velocity variation
over some resolved baseline distance.

We compiled observed strain rates, differential
velocities, and typical baseline lengths from
GPS campaigns published in the recent neotectonic
literature. We also sought structural estimates of
orogen width and duration, finding two examples,
one from the Sevier Belt of western North
America (DeCelles 2004) and another from the
central Andes (Bevis et al. 2001). The mechanical
diffusivity estimates, reported as 2log x in
Table 4, where [x] ¼ m2 s21, are of varying quality.

Table 4. Estimates of mechanical diffusivities from GPS and structural data

Region Baseline
(km)

Strain rate
(s21)

2log x Source*

North Cascadia Forearc 200 4.8E 2 16 4.7 1
North American Craton 1200 3.2E 2 17 4.3 2
‘Rigid’ North America 1200 3.2E 2 18 5.3 2
St. Lawrence Valley 100 1.6E 2 17 6.7‡ 3
St. Lawrence Valley 100 1.1E 2 16 6.0†‡ 3
St. Lawrence Valley 200 1.6E 2 17 6.2†‡ 3
St. Lawrence Valley 200 1.1E 2 16 5.4 3
Charlevoix Shear Zone 100 9.5E 2 17 6.0†‡ 4
Charlevoix Shear Zone 100 7.3E 2 16 5.2 4
Lower St. Lawrence Valley 150 3.2E 2 18 7.0‡ 4
Lower St. Lawrence Valley 150 1.6E 2 16 5.4 4
Walker Lane, Nevada 60 4.0E 2 15 4.9 5
Wasatch Fault Zone, Utah 180 1.8E 2 16 5.2 6
Wasatch Fault Zone, Utah 180 3.2E 2 16 5.0 6

Diff. velocity
(m s21)

North American Glacial
Adjust

1200 3.2E 2 11 4.4 2

North Canadian Cordillera 150 1.6E 2 10 4.6 7
Baikal Rift 200 1.1E 2 10 4.7 8
Baikal Rift 50 1.4E 2 10 5.2 9
Baikal Rift 100 1.4E 2 10 4.9 9
Nepalese Himalaya 250 9.5E 2 11 4.6 10
Central Nevada Seismic Zone 280 4.4E 2 11 4.9 6
Wasatch Fault Zone, Utah 180 5.7E 2 11 5.0 6

Duration
(1013 s)

Sevier Belt 300 60 4.3 11
Sub Andean Zone 80 10 4.7 12
Sub Andean Zone 140 10 4.2 12

*By number: 1, Mazzotti et al. (2002); 2, Calais et al. (2006); 3, Mazzotti et al. (2005); 4, Mazzotti & Adams (2005); 5, Murphy
et al. (2009); 6, Hammond & Thatcher (2004); 7, Mazzotti & Hyndman (2002); 8, Deverchere et al. (2001); 9, Calais et al. (1998);
10, DeCelles & DeCelles (2001); 11, DeCelles (2004); 12, Bevis et al. (2001).
†Values within equivalent thermal range of 2log k ¼ 6.3 2 5.9 (Clauser & Huenges 1995; Vosteen & Schellschmidt 2003).
‡Values above predicted theoretical maximum range of 2log x ¼ 5.7 2 5.3.
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Consequently, formal error bounds are difficult to
quantify and we leave them for another paper.
Accordingly, the results we report here are sugges-
tive, at best.

We computed 2log x values ranging from 4.3–
7.0 for GPS strain rates (14 estimates), 4.4–5.2 for
GPS differential velocities (eight estimates), and
4.2–4.7 for structural measurements (three esti-
mates). All these values are less than or equal to
our theoretical maximum range of 5.3–5.7, except
for five based on GPS strain rates, from eastern
Canada (Mazzotti & Adams 2005; Mazzotti et al.
2005). Of these five, three fall within the equivalent
2log k range, and hence are not distinguishable
from thermal values, and the other two exceed
even this range. This could either reflect poor
estimation on our part, or the fact that the rocks in
glaciated eastern Canada are effectively rigid, com-
pared to those from the other surveyed regions.

The arithmetic mean of all the 2log x estimates
shown in Table 4 is 5.2, equivalent to
x ¼ 6.3 � 1026 m2 s21. This is about 4–13 times
the assumed thermal reference range (Clauser &
Huenges 1995; Vosteen & Schellschmidt 2003).
The measured mechanical diffusivities, based on
GPS and structural data, are therefore consistent
with our theoretical prediction. Consequently, we
conclude that, at the very least, the theory of DG-2
materials offers a plausible alternative view of
how Earth’s tectonic system might behave.

Mountain building in quasi-isothermal

conditions under far field forcing

Patton & Watkinson (2005) presented an appli-
cation of the effective rigidity hypothesis, when they
identified the normalized thickness of a competent
unit with k/x ; 1. Thus, they were able to predict,
using the stress-energy states outlined above, other
dimensional lengths associated with the develop-
ment of folds and faults in the deforming bed. Con-
sequently, the minor modifications made to these
stress-energy states, from the standpoint of thermo-
dynamics, merely sharpen the interpretations they
offered for a range of structures observed in fold-
and-thrust belts, and other orogenic settings. Note
they explicitly assumed isothermal conditions and
kinematic far field forcing to drive layer shortening.

In the present context, this is consistent with pro-
ceeding from right to left in Figure 1, from
quasi-isothermal toward quasi-adiabatic conditions.
Thrust faulting of various competent layers locally
interrupts this progression, consistent with its
expected mechanical nature. The spontaneous and
dynamic failure expected under these conditions is
also consistent with the fact that many earthquakes
are located in active orogens, as well as in the

subducting lithosphere (Frohlich 1989). Thus, we
envisage the behaviour of convergent margins in
Earth’s global tectonic system as consistent with
the behaviour of DG-2 materials, undergoing a
non-equilibrium transition from broadly isothermal
to adiabatic thermodynamic conditions. Gravity is
the source of work that drives these processes.

The thermomechanical Earth reference

model (ThERM)

If the theory presented in this contribution is truly
scale invariant and transitionally thermodynamic,
then the hypothesis of effective rigidity should
apply to Earth’s lithosphere, perhaps better than to
any other structural layer, and perhaps also to the
‘brittle’ continental crust. The materials comprising
these two layers are very different, with respect to
composition as well as thermal and mechanical
properties. Nevertheless, global isostasy shows us
that the density structures of these disparate material
columns are equivalent at some depth, such that
‘one cannot consider the gross features of the
ocean basins independent of the continental
plateaus; the two are truly complimentary’ (Hess
1962). Furthermore, because the positive density
contrasts thought to drive plate tectonic motions
likely reside in the oceanic lithosphere (Forsyth &
Uyeda 1975), we immediately see that shortening
in the crust must have involved interactions
between these two effectively rigid layers from the
earliest times of solid Earth history. Their detailed
response, of course, reflects their differing compe-
tence. We therefore ask, ‘Is there any evidence
that modern crustal structure reflects the operation
of the dynamic rescaling mechanism?’ However,
this question is too tentative, because if dynamic
rescaling operated at all in Earth’s solid deformation
history, then it must have operated throughout that
history as well.

Consider: (1) the average depth of the oceans at
about 3 km; (2) the thickness of the brittle continen-
tal crust at about 15 km; (3) the lithosphere which
on average is about 80 km thick; and (4) the base
of the seismic transition zone at about 670 km
depth. Together, these four layers arguably com-
prise the most important ones for understanding
Earth’s tectonic system, and coincidentally (?)
span the range of depths for which modern seis-
mology reports earthquake foci (Frohlich 1989).
The numbers presented above, from the Preliminary
Reference Earth Model (PREM, Dziewonski &
Anderson 1981), can be collected in the set f3, 15,
80, 670g. Similar numbers appearing in another
reference model, called iasp91 (Kennett &
Engdahl 1991), differ somewhat from those appear-
ing in PREM and form the set f2, 20, 120, 660g.
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Observe the lack of an ‘ocean’ depth, and the
different crustal and lithosphere thicknesses. These
differences exist because iasp91 is a reference
model for seismic wave travel times, recorded by
permanent seismic receivers on land, whereas
PREM is an ‘average’ one-dimensional Earth
model. Hence, iasp91 has no ‘ocean’ layer. Note
also, that the crust and lithosphere in the oceans is
generally thinner than that on continents.

Dividing each of the entries in these sets by its
lesser neighbour, we form sets of rational numbers
f15/3, 80/15, 670/80g and f120/20, 660/120g,
for PREM and iasp91, respectively. Dividing and
rounding to one decimal place, we obtain f5.0,
5.3, 8.4g and f6.0, 5.5g. Note that, four of the five
values so obtained lie between 4 and z (cf.
Fig. 1a), and the average of all these values is
6.0 + 1.4 (1 std. dev.). If instead we average the
respective entries in these sets, discarding PREM’s
‘ocean’, we get the set f17.5, 100, 665g, which
yields the decimal ratios f5.7, 6.7g. Finally, aver-
aging only the lithosphere thicknesses, we get
f6.7, 6.7g and f6.0, 6.6g, for PREM and iasp91,
respectively. These last four ratios are all within
87–97% of z, and within 90–99% of the stress-
energy density associated with the transition
between localized states Y 2 X0 in DG-2 materials
(Fig. 1a, Table 2). This suggests that shear localiz-
ation processes at distinct depths, each associated
with an increase in entropy of 0.26 k/x, control the
relative thickness of the continental crust, oceanic
lithosphere and upper mantle, in the dynamic Earth.

It is easy to understand that depth and pressure
are related in a self-gravitating body through the
lithostatic relation p ¼ rfd, where the product rf is
the constant of proportionality. Nevertheless, why
should shear localize at specific depths, or more pre-
cisely, at given pressures? Recall that in the deri-
vation of equations (9) we hypothesized a constant
pressure, which subsequently dropped out of the
analysis. Still the pressure field stores a tremendous
amount of energy, and for such a body to be stable,
the pressure must increase with depth, and conse-
quently, so too must the density. Note that the
mean stress-energy S of a DG-2 material is nearly
a pressure, and reduces to it exactly over finite
natural times, in the absence of forcing. Recall
also, in our presentation of the transitional thermo-
dynamics of DG-2 materials, we found 12 stress-
energy states, seven associated with distributed,
and five with localized, deformation (Fig. 1a, b).
Denoting distributed and localized states with D
and L, respectively, the complete set of states in
ascending order is fDB0, DY0, LB0-DX0, DS, DX,
LY0, DY, DB, LY-LX0, LBg. Note that two pairs
of states in this set, indicated by dashes, have
nearly identical stress-energy levels (Table 2).
Hence, the set of these levels has only ten entries.

Now because each state has an associated stress-
energy level, then if a physically determined dimen-
sional depth scale F ¼ Smean/rf exists, associated
with gravitational forcing and effectively rigid, we
can predict a set of ten depths, all at different
pressures, that transitional thermodynamics says
should be possible. For example, if we choose
F ¼ 100 km, a reasonable thickness for the compe-
tent oceanic lithosphere, we compute the depths
f100, 124, 173, 200, 229, 256, 323, 400, 666,
693 kmg. Similarly, dividing F by z, we obtain the
z21 harmonics of F, f14.4, 17.9, 25.0, 28.9, 33.1,
37.0, 46.6, 57.7, 96.1, 100 kmg. In this manner, we
can predict the higher and lower harmonics of F,
eventually obtaining Table 5. Finally, note that
only certain depths in these sets are associated
with localized shearing. We label these ‘isopycnal
shears’ with H’s, L’s, and M’s respectively, to
denote the z22, z21 and z 0 harmonics of F, with
numbers indicating the relative position of the
shear in each set. For example, the shears L1–
L4 ¼ f25.0, 37.0, 96.1, 100.0 kmg and M1–
M4 ¼ f173, 256, 666, 693 kmg, for this trial value
of F. Note that changing the trial value of F
changes all of the predicted depths for these
stress-energy states, because they are self-similar.

Clearly, the structure predicted by this simple
exercise correlates well with gross planetary struc-
ture (Fig. 3, Table 5) (Patton 2001). Nevertheless,
how thick is Earth’s F layer? To answer this ques-
tion, we matched interfaces appearing in the
seismic reference models PREM (Dziewonski &
Anderson 1981) and iasp91 (Kennett & Engdahl
1991) with our hypothetical structure (Table 6a).
We then squared and summed the differences
between our model and a given reference model,
and finally took the square root of the result. We
thus obtain a simple root-mean-square measure of
misfit to a given reference model. We then searched
a series of trial F values, seeking a value that mini-
mized the misfit. The value of F minimizing misfit
to both PREM and iasp91 is slightly less than
100 km, with PREM having a lower overall misfit
(Table 6b). Observe that this predicted value is
less than Parsons & Sclater’s (1977) thermal esti-
mate of c. 125 km for old oceanic lithosphere,
based on ocean floor bathymetry, but greater than
the maximum estimated thickness of crust in conti-
nental arcs of c. 80–90 km. Given the surprising
consistency of our model with plate tectonics
theory, we call our model the Thermomechanical
Earth Reference Model, or ThERM.

As illustrated in Figure 4, ThERM predicts
localized shearing at several distinct depths in the
planet, including two levels in the nominal
‘ductile’ crust at depths of 25 and 37 km (L1, L2
respectively). These ‘detachments’ sit well below
a ‘brittle’ crust of 14.4-km thickness. Note also,
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Table 5. Thermomechanical Earth Reference Model – Depths (km) based on F ¼ 99.54 km

Depth correlation Isopycnal shear Ocean basin Continental crust Continental basement Plate (F) Mantle Core Scaling

Mid-oceanic ridge melt lens 2.1 F/z2

Average ocean floor 2.6
H1 3.6

4.1 2 F/z2

4.7
Average ocean crust H2 5.3

6.7
Yilgarn ‘detachment’ 8.3 22F/z2

H3 13.8
Brittle crust H4 14.4 14.4 F/z

18
Avg. continental crust –

detachment
L1 25

29 2F/z
33

Avg. continental crust –
detachment

L2 37

46
Hales discontinuity 57 57 22F/z
Seismic lid 71

L3 96
8-degree discontinuity L4 99.5 99.5 99.5 F
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Sheared xenoliths M1 172
185

199 21F
Lehmann discontinuity 230 228
Kimberlite source depth M2 255

321
383

410 km discontinuity 398 398 398 22F
494

660 km discontinuity M3 663
Deepest earthquakes M4 689.6 689.6 Fz

Bottom of seismic transition zone 796 23F
912

1020
1284
1593 1593 24F

1975
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D00 layer 2759 2759 22Fz
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the potential ‘detachments’ within the brittle crust
(H1–H4) (Table 5), at levels commonly associated
with ore mineralization, and the deeper ones (L3,
M1, M2) within the upper mantle, at depths com-
monly associated with metasomatism. The depths to
the latter ‘detachments’ also are well correlated with
thermal and seismic estimates of tectosphere thick-
ness (Jordan 1975; Durrheim & Mooney 1994;
Stoddard & Abbott 1996; Artemieva & Mooney
2001, 2002). This suggests the possibility that
oceanic and continental plates move on different
globally correlated shear zones, tied to the complex
thermomechanics of ordinary silicates. It also

suggests an effective mechanism for focusing
strain at the margins of the thicker continental
plates. ThERM is most consistent with Stoddard &
Abbott’s (1996) ‘first hypothesis’, which has a low
‘viscosity’ zone at the base of the lithosphere (their
Fig. 6b), although their analysis of plate velocities
might need to be revisited with multiple ‘detach-
ments’ in mind.

As further evidence that the transitional thermo-
dynamics of DG-2 materials are important for
understanding Earth’s tectonic system, we wish to
point out that equilibrium pressures for phase tran-
sitions in refractory Al-Ca bearing minerals corre-
late with H3, L3 and M3 (Table 7), and thus
appear to provide first order control on the observed
structure. Theoretically, these isopycnal shears
are all associated with finite entropy jumps of
0.26 k/x, hence these ‘equilibrium’ phase changes
are potentially shear mediated, as has been observed
for other phase changes in the laboratory (Coe &
Paterson 1969; Coe & Kirby 1975). There also
appears to be some correlation between magma
source depths and L2, M1 and M2. Finally, we
note that the deepest earthquakes are coincident
with M4. On the strength of these predictions, we
submit that the theory of DG-2 materials offers
unique insights for understanding the structure of
the planet, the architecture of orogenic belts, and
ultimately the development of fabrics in natural
tectonites.

Transition zone

Mantle

Outer
Core

Inner
Core

Fig. 3. Scaled comparison between ThERM and PREM
(Dziewonski & Anderson 1981) (see Table 6).

Table 6a. Sample calculation of diharmonic misfit to seismic reference models

PREM
Interfaces*
(km)

iasp91
interfaces†

(km)

Trial harmonics
(F ¼ 99.54 km)

Squared residuals
PREM

Squared residuals
iaspi91

3 – 2.6 0.1837 –
15 – 14 0.4002 –
– 20 18 – 4.772
24.4 – 25 0.2352 –
– 35 37 – 3.221
80 – 71 76.35 –
– 120 123 – 11.76
220 210 228 61.15 322.1
400 410 398 3.386 140.2
600 – – – –
670 660 663 49.89 8.622
771 760 796 641.1 1319
2741 2740 2759 307.4 343.5
2891 2889 – – –
5149.5 5153.9 5138 135.6 257.4
6371 6371 6371 0.1936 0.1936

Sum of squared
residuals

1278 2411

Root-mean squared
misfit

10.78 15.53

*Dziewonski & Anderson (1981).
†Kennett & Engdahl (1991).
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Discussion

Rationale for this unconventional approach

In the preceding sections, we outlined the derivation
of the diharmonic equation (Patton 1997; Patton &
Watkinson 2005), which governs the pure shearing
deformation of the DG-2 material (Rivlin &
Ericksen 1955; Dunn & Rajagopal 1995; Truesdell
& Noll 2004). Patton (1997) derived this equation,
apparently for the first time, in a treatment of the
single-layer folding problem. Mathematical ana-
lyses of the DG-2 material up to that point had
always assumed rectilinear shearing motion, con-
sistent with the rheologist’s notion of ‘viscometric’
flow. In other words, these earlier investigators
clearly had in mind the behaviour of rheological
fluids when interpreting the results of their math-
ematics. In contrast, we have in mind the solid-state
deformation of crystalline or cemented granular
media, and therefore interpret our results in that
light. We hold no expectation, a priori, that rocks
‘flow’ at any or all scales, and instead seek geometric
and energetic insights into deformation processes by
using this frame-indifferent, ideal material model.

We have sound physical reasons for taking this
unconventional approach to rock rheology. For
example, while we agree that what rock mechanics
experiments measure is indeed a phenomenological

Table 6b. Summary of misfit calculation results

F (km) Misfit to
PREM

Misfit to
iasp91

50.000 1307.1 1371.3
90.000 251.89 264.61
98.000 41.983 45.477
99.000 17.819 21.637
99.300 12.471 16.937
99.500 10.824 15.575
99.510 10.803 15.556
99.520 10.788 15.541
99.530 10.780 15.532
99.535 10.778 15.529
99.540* 10.778 15.527
99.545† 10.780 15.526
99.550 10.783 15.527
99.600 10.902 15.602
99.700 11.597 16.112
100.00 16.276 20.000
101.00 40.059 43.172
110.00 276.27 289.78
150.00 1331.5 1386.5
175.00 1991.2 2088.4

*F minimizing RMS misfit to PREM.
†F minimizing RMS misfit to iasp91.

Old oceanic lithosphere

Tectosphere

660 -km discontinuity

Deepest earthquakes

Fig. 4. Vertically scaled cross-section of hypothetical tectonic system, depicting relations between isopycnal shears and
common aspects of crustal and lithospheric structure.
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‘viscosity’, proportional to the energy dissipated in
shear, we take issue with the implicit conclusion
that the fabrics observed in natural tectonites
arise solely from dissipative processes. Specifically,
we question the logic that the similarity of defor-
mation microstructures in both laboratory-deformed
specimens and natural tectonites implies that rock
deformation is adequately modelled using the
Navier-Stokes equations, or any variation of these
based on other purely dissipative rheologies, like
so-called ‘power law’ fluids. From the outset, it is
equally possible that similar deformation micro-
structures could develop in connection with some
other finite yield-like process at spatial scales
smaller than those imposed by both tectonic and
laboratory conditions. In this manner, the global
deformation process would still dissipate energy
and the overall entropy of the system would inc-
rease, while local structural rearrangements necess-
ary for deformation, and forming characteristic
geometries, could occur spontaneously. Therefore,
what we require is a mechanism that concentrates
stresses (i.e. energy densities) at the smallest (bed?
grain? subgrain? lattice?) scale, such that the imp-
osed boundary conditions recede to the ‘far field’
in some sense. The shape and size of the overall
deforming region would then matter less than its
local geometry. However, this does not imply that
far field stresses are irrelevant to deformation. It
does imply a systematic, but non-linear, long-
ranged connection between all parts of a solid body,
consistent with Einstein’s concept of a matter
bearing gravitational field.

A mathematical distinction between these
interpretations is whether the governing system of
equations is linear and therefore globally dependent
on boundary conditions, or non-linear and emer-
gent, capable of producing new boundaries. In

the latter case, it should be possible to circumscribe,
using a universal rule keyed to the local geometry, a
stress concentration leading to structural rearrange-
ment over finite spatial and temporal intervals.
That natural tectonite fabrics might result from
complex interactions between such circumscribed
instabilities is the central insight of the invariant
dynamic rescaling of spatiotemporal scales exhib-
ited by DG-2 materials (Patton & Watkinson
2005, Equation A17). This result holds despite our
earlier, and imprecise, use of the term ‘second
order fluid’ as a symbol for this ideal material.

Consequently, we find little in the observed
fabrics of natural tectonites that requires interpret-
ation in terms of the flow of a rheological fluid.
Our objections are to some degree thermodynamic,
but there is more here than is covered by the usual
definition of that term. At some scale, there is
always a contribution from elastic strain, with resul-
tant localization of shear in crystalline dislocations,
intra- and inter-granular shear bands, faults, and
crustal-scale detachment zones. Shear localization
is therefore a yield phenomenon. For these reasons,
we no longer subscribe to the geodynamicist’s
approximation scheme, where rock behaviour is
viscous if ‘flow is slow enough’, because it implies
that material behaviour depends upon the observer,
contrary to the principle of relativity. Such a scheme
also presupposes a detailed knowledge of the history
of deformation, an assumption clearly inconsistent
with the goals of structural geology and tectonics.
If we knew the deformation history, then we
would have nothing to do. Of course, the geodyna-
micist is free to assume a purely dissipative
rheology in their forward model, but subsequently
must demonstrate the consistency of their predic-
tions with the fabrics and structures actually
observed in naturally deformed rocks. Similarity

Table 7. Isopycnal shears from ThERM and petrogenetic correlations

Shear Depth (km) Pressure* (GPa) Petrogenetic correlation Source†

H1 3.6 0.10
H2 5.3 0.14
H3 13.8 0.37 Andalusite! Kyanite/Sillimanite 1
H4 14.4 0.39
L1 25 0.67 a! b Quartz, granulite-UHT 2, 3
L2 37 1.04 eclogite-HP granulite, TTG source 3, 4
L3 96 2.96 Spinel! Garnet, Basalt source 5, 6
L4 100 3.00 UHP metamorphism 3
M1 172 5.40 Group I kimberlite source 8
M2 255 8.27 Group II kimberlite source 8
M3 663 23.4 g-Spinel! PerovskiteþMg-Wüstite 9
M4 690 24.5 Deepest earthquakes 10

*From PREM (Dziewonski & Anderson 1981).
†By number: 1, Camelleri & Chamberlain (1997); 2, Coe & Paterson (1969); 3, Brown (2007); 4, Champion & Sheraton (1997);
5, Macgregor (1974); 6, Canil (2004); 7, Boyd (1973); 8, Ulmer & Sweeney (2002); 9, Weidner & Wang (2000); 10, Frohlich (1989).
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of microstructure, as discussed above, is not verifi-
cation of any theoretical approach, but rather an
observation that requires explanation.

Given the rate at which rocks naturally deform,
in comparison with the rate at which heat diffuses
in silicate minerals, we find the concepts of relative
material strength, or competence, and the phenom-
enological diffusion of mechanical energy to be
powerful interpretive tools (Table 4). Thus, we envi-
sage a system in which competing thermal and
mechanical energy fluxes, or diffusivities, govern
the style of deformation. This is a theory-based
bi-diffusive concept, and not simply a convenient
empirical rule imposed a priori. Furthermore, it
leads self-consistently to a thermodynamic defini-
tion of competence, or effective rigidity.

The pure shearing deformation of DG-2 mate-
rials leads, self-consistently, to a breakdown, over
finite spatial and temporal intervals, in the local
smoothness of the deformation field. The global
deformation field remains smooth and integrable,
because all dislocations within a normalized radius
z are circumscribed. This leads us to consider
scale-independent cyclicity between distributed
and localized modes of deformation. This same
breakdown, or material instability, is wholly absent
in the rectilinear (one-dimensional) shearing case.
These findings, in turn, lead us to question the
notions that rocks ‘flow’ in any physically sensible
way, or that simple shearing is a fundamental
mode of strain in rocks. We suggest, instead, that
shear zones develop progressively, by the linking
of single slip planes, at normalized distances z
from one another. A boundary, once born, can influ-
ence subsequent deformation in its neighbourhood,
and certainly could act as a conduit of proper
rheological fluids, like water and melt, thereby
enhancing the effectiveness of processes like ore
mineralization and metasomatism. The latter
process plays a major role in the petrogenesis of
mantle derived igneous rocks, while the former
operates within the shallow crust. The subparallel
boundaries of the resulting tabular zone are there-
fore a result, and not the cause, of the shear zone
itself. This hypothesized emergence of structure
from the deformation arises from the non-linear
nature of the DG-2 material.

Dynamic rescaling, local geometry and

shear zones

The dynamic rescaling theorem demonstrates that
the shear localization mechanism, embodied by
DG-2 materials in pure shear, is scale invariant.
However, it also underscores the importance of
local geometry to the deformation process, and
the intimate connection between this geometry and
the natural time scales of rocks. Consequently, we

must consider, not only the geometry of structures
as we find them, but also how the deformation
process modified the pre-existing geometry of a
given tectonite. In other words, we need to think cri-
tically about what defines a ‘boundary’ in nature,
and therefore whether an observed structure
controls deformation, or is simply a consequence
of the deformation process.

Mylonites provide a particularly striking
example of the modification of pre-existing geo-
metry in shear zones, characterized by extreme
grain-size reduction. A common interpretation for
these fabrics is that the rocks within the shear
zone were, somehow, weakened, resulting in their
subsequent simple shearing by opposing blocks of
‘competent’ country rocks. The observed tabular
boundaries of the shear zone are therefore primary
structures that controlled deformation. Consequ-
ently, one might focus on the macroscopic width
d, say, of the shear zone, and interpret the relation-
ship x ¼ d2g, as indicating an overall decrease in
thermomechanical competence with increasing
shear zone width. Thus, as shear zones grow to
finite width all shear banding would cease, and the
deformation would reduce to a smooth distributed
‘flow’. One might therefore be tempted to say
that this thought experiment disproves the role of
dynamic rescaling in the operation of real shear
zones, because these finite width structures exhibit
a significant component of simple shear. One
might also conclude that mechanical diffusivities,
required to satisfy the shearing of meter-wide
zones at typical tectonic rates, are about ten orders
of magnitude too low for the localization mechan-
ism to operate at all.

However, this reasoning is not consistent with
the central result of our research, viz. the dynamic
rescaling theorem. Recall, that this mechanism
focuses on the smallest physical length scales in
the local system. Thus, the shearing process will
depend, not on the finite width of the shear zone
as it grows, but on the smallest mineral grains in
the zone itself. Thus, as shear progresses, grains
will be broken into successively smaller bits, and
the observed boundaries of the shear zone, at dis-
tance d, will exert little direct control on the shear-
ing process. Thus, rather than shutting down, the
shear zone will continue to operate as long as far
field stresses, both shear and normal, are applied.
Furthermore, it is not clear a priori that ‘typical’ tec-
tonic strain rates attend the formation of metre-wide
shear zones.

Comparison and contrast of DG-2 theory

with computational geodynamics

Throughout this contribution, we have pointed out
where the conceptual foundations of DG-2 materials
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in pure shear, applied to a self-gravitating system,
are incompatible with the assumptions of modern
computational geodynamics. While these latter
approaches rely on Hookean elastic elements to
store shear energy, which depend on spatial con-
figuration only, DG-2 materials do so with explicit
strain rate dependence, and furthermore provide
a thermodynamic definition of effective rigidity.
In addition, where computational multiscaling
suggests that shear localization processes are scale
dependent (Regenauer-Lieb et al. 2006), we have
demonstrated that the theoretical shear localization
mechanism in DG-2 materials is scale invariant.
Dynamic rescaling thus might completely over-
print prior geometric distributions, resulting in
scale-invariant relations, or might leave parts of
pre-existing geometries, such that the observed
distributions would be, to some degree, scale-
dependent. Thus, our theory leads us to ask hard
questions regarding the statistical distributions of
prior geometry and its subsequent modification.
Mathematically, computational geodynamics is
based on a linear rheological theory, albeit with
interesting thermodynamic feedbacks, while Earth-
applied DG-2 material theory is non-linear and
self-consistent, based on general statements of the
conservation laws of physics. Perhaps the biggest
difference between these approaches lies in the
fact that, while computational geodynamics predicts
dynamic processes between structures of assumed
scale, it fails to predict the known first-order struc-
ture of the planet. On the other hand, while our
approach so far does not allow for ‘geodynamic’
simulation, it does suggest a global correlation
between geological structures at many scales, viz.
ThERM.

Conclusion

We have attempted to lay out a geological theory of
rock deformation, consistent with general balance
laws of continuum mechanics and applied math-
ematics, and based upon the constitutive properties
of differential grade-2 materials. In this context,
we have shown that Earth’s known structure
expresses the ratio z, appearing in the theory of
DG-2 materials in pure shear, as a function of
oceanic lithosphere thickness (Fig. 3, Table 5).
Thus, a balance between the diffusion of thermal
and mechanical energies, the effective rigidity,
appears to define this fundamental layer of the
planet’s tectonic system. The thermodynamics of
DG-2 materials are transitional between ideal adia-
batic and isothermal conditions. Consequently, the
adiabatic-to-isothermal transition is most likely a
smooth ‘thermal’ relaxation with increasing entropy,
while the isothermal-to-adiabatic transition is a
dynamic mechanical process occurring under far

field forcing, with locally discrete entropy jumps
of about 0.26 k/x. This local ‘mechanical’ relax-
ation is consistent with the spontaneous failure of
rocks under load, and the incidence of earthquakes
in mountain belts and the subducting lithosphere.
Our geological theory suggests the existence of
globally correlated isopycnal shear zones, at distinct
depths, which provide a conceptual mechanism for
global plate motions, and a rationale for detachment
style deformation in mountain belts (Fig. 4). Depths
to these features are consistent with a wealth of other
geological data as well. The global correlation of
structure, illustrated by ThERM, only makes sense
if one considers Earth’s deformation as the behav-
iour of a matter-bearing gravitational field, consist-
ent with Einstein’s (1916) theory.
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Extensional tectonics in the North Atlantic Caledonides:

a regional view
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Abstract: Extensional structures characterize significant parts of the North Atlantic Caledonides.
Silurian extensional deformation took place, particularly in the heated crust in the southern
Greenland Caledonides, but the majority of the mapped extensional structures are Devonian
(403–380 Ma). They formed by reactivation of low-angle Caledonian thrusts and by the formation
of hinterland-dipping shear zones, of which the largest system is located in SW Norway and related
to exhumation of the subducted margin of Baltica. The Devonian extension was concentrated to the
central and southern part of the Caledonides, with maximum extension occurring in the area
between the Western Gneiss Region of SW Norway and the Fjord Region of East Greenland. Kin-
ematic data indicate that the main tectonic transport direction was toward the hinterland, and this
pattern suggests that the main Devonian extension/transtension in the southern part of the North
Atlantic region was postcontractional while strike-slip motions and possibly transpression occurred
farther north. Late Devonian to enigmatic Early Carboniferous ages from UHP metamorphic
assemblages in NE Greenland suggest that intracontinental subduction was going on in NE
Greenland at a time when extensional deformation governed the rest of the orogenic belt.

The Caledonian orogen as exposed in Norway,
Greenland and the northern British Isles (Fig. 1)
have traditionally been investigated with an eye
for contractional structures. Thrusting as a model
for explaining the stratigraphic relations in the
Scottish Highlands was already presented in 1858
by James Nicol on his Geological Map of Scotland,
although not generally accepted or well documented
until the results of Peach and Horne’s mapping
during the last part of the18th century were pub-
lished (Peach et al. 1907). In the Scandinavian Cale-
donides the Swedish geologist Alfred E. Törnebohm
suggested substantial thrusting of Caledonian units
in 1888. It would take several decades before his
theory won general acceptance among Scandina-
vian geologists, but since the early 1900s a large
number of geologists have mapped a complex
system of thrust and thrust-related structures
throughout the Scandinavian, British and Greenland
Caledonides.

The recognition of substantial extensional struc-
tures at a regional scale in the orogen occurred about
a century later, and has been widely accepted in
general terms with much less discussion and contro-
versy. Three factors influenced the discovery and
understanding of major extensional structures in
the Caledonide orogen. One was the eye-opening
discovery of low-angle detachments and associated
metamorphic core complexes in the Basin and
Range Province of the western USA shortly prior
to 1980 and onward (e.g. Davis & Coney 1979;

Coney 1980; Wernicke 1981), which demonstrated
that low-angle faults and mylonite zones should
not be regarded as thrusts without critical evalu-
ation. It was however debated whether low-angle
faults could form directly (Scott & Lister 1992) or
if they rotate from steeper (.308) dips (Nur et al.
1986; Buck 1988). The recognition of low- to unme-
tamorphosed hanging wall sedimentary rocks above
metamorphic gneisses in the Basin and Range core
complexes led geologists to look for similar meta-
morphic breaks across faults and shear zones else-
where. Such observation were made in SW
Norway, where Devonian basins were located
above a metamorphic basement with what turned
out to include Caledonian eclogites. This way of
thinking probably inspired the first published sug-
gestions of an extensional detachment under the
Devonian basins of SW Norway, which was in
fact made by workers who had never worked in
the region (Bjørlykke 1983; Hossack 1984). This
extensional structure, now known as the Nordfjord-
Sogn Detachment Zone, turned out to be the most
profound extensional shear zone in the entire
Caledonian orogen.

A second significant discovery was the great
improvement in the understanding of kinematic
indicators during the 1980s (Berthé et al. 1979;
Lister & Snoke 1984; Simpson & Schmid 1983),
an understanding that also was important for the
interpretation and demonstration of the extensional
nature of detachments in the Basin and Range. It

From: LAW, R. D., BUTLER, R. W. H., HOLDSWORTH, R. E., KRABBENDAM, M. & STRACHAN, R. A. (eds) Continental
Tectonics and Mountain Building: The Legacy of Peach and Horne. Geological Society, London, Special Publications,
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Fig. 1. Geological map of the North Atlantic Caledonides, reconstructed to the situation at the end of the Caledonian
orogeny. BASZ, Bergen Arc Shear Zone; HD, Høybakken Detachment; HSZ, Hardangerfjord Shear Zone; KD,
Kollstraumen Detachment; LGF, Lærdal-Gjende Fault; GLSZ, Germania Land Deformation Zone; KSZ, Karmøy Shar
Zone; MF, Minch Fault; MT, Moine Trust; MTFZ, Møre-Trøndelag Fault Zone; NSDZ, Nordfjord-Sogn Detachment
Zone; NSZ, Nesna Shear Zone; OIF, Outer Isles Fault; RD, Røragen Detachment; WGR, Western Gneiss Region; UHP,
ultrahigh pressure; WOB, West Orkney Basin.
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was the use of kinematic indicators that helped
define the substrate to the Devonian basins as a
several kilometre-thick extensional shear zone
(Norton 1986, 1987; Séranne & Séguret 1987) and
to map out the details of this zone (e.g. Andersen
et al. 1991; Swensson & Andersen 1991;
Osmundsen & Andersen 1994; Walsh et al. 2007).

The use of kinematic indicators in ductilely
deformed rocks was also important for the re-
evaluation of the extensive low-angle mylonite
zones that had been mapped as Caledonian thrusts,
many of which turned out to portray a sense of
shear opposite to that predicted by the model of
thrust emplacement. Top-to-the-hinterland struc-
tures were noted in a few early publications, but
had been ascribed to back-thrusting (i.e. contrac-
tional deformation) during Caledonian contraction
(Banham et al. 1979; Milnes & Koestler, 1985),
minor extensional movements marking the end of
the Caledonian orogeny (Kvale 1960; Naterstad
et al. 1973) or upper-crustal faulting of Middle
Devonian and younger age (Haller 1971). Systema-
tic fieldwork in south Norway revealed that the
basal thrust is consistently dominated by top-to-
the (N)W structures. Furthermore, a relative age
relation was found between this hinterland-directed
nappe movement of the Caledonian nappe pile and
west to NW-dipping extensional shear zones, and
the two sets of structures were referred to as
Mode I (backmovement along original thrusts)
and Mode II (oblique shear zones, cross-cutting
original thrusts) (Fossen 1992; Milnes et al. 1997)
(Fig. 2).

A third factor that significantly added to the dis-
covery and mapping of extension in the Caledonides
was the systematic mapping of metamorphic con-
ditions and application of thermochronologic
methods. It was realized that juxtaposition of
relatively high-grade footwall lithologies with
lower-grade hanging wall rocks characterize major
extensional faults and shear zones (Norton 1986).
It was also realized that cooling ages and mineral
ages provide important constraints on both the
timing of extension and the offset across some of
the detachments in Greenland and Scandinavia
(Lux 1985; Chauvet & Dallmeyer 1992). Most
early workers focused on the detachments them-
selves, which were regarded as extensive, crust-
cutting structures. In later years more attention has
been devoted to additional distributed coaxial foot-
wall strain to explain the vertical thinning and uplift
required to expose (ultra)high pressure rocks in
the footwall (Andersen & Jamtveit 1990; Milnes
et al. 1997; Krabbendam & Wain 1997; Johnston
et al. 2007a).

The discovery of major extensional structures in
South Norway was followed by the recognition of
extensional shear zones in central and northern

Norway (Rykkelid & Andresen 1994; Coker et al.
1995; Braathen et al. 2000; Osmundsen et al.
2003) and in the Greenland Caledonides (Strachan
1994; Hartz & Andresen 1995). In the onshore
Scottish Caledonides extensional deformation in the
form of ductile shearing seems to be absent, although
some brittle reactivation has been described
(Holdsworth 1989). In this contribution the different
expressions of extensional deformation in the Cale-
donides will be reviewed and discussed in terms of
orogenic and postorogenic evolution.

The Scottish Caledonides

The Scottish Caledonides comprise several tectonic
units of largely Neoproterozoic rock complexes that
constitute most of the Midland Valley terrane, the
Grampian terrane and the Moine and associated
nappes. A complex history of Ordovician to Silurian
Caledonian deformation and metamorphism is
present in this area, with the youngest event in the
foreland propagating Moine Thrust Zone. This
zone is part of the Scandian orogen that also domi-
nates the Scandinavian and Greenland Caledonides,
with the development of the Moine Thrust Zone
being early Scandian (c. 430 Ma; Holdsworth
et al. 2007). Extensional detachments of the magni-
tude and number found in the Norwegian and
Greenland parts of the Caledonian orogen are not
present. Extension-related features in Scotland are
mostly minor structures within the orogenic wedge
onshore NW Scotland, the deposition and early
deformation of the Orcadian basin, Devonian defor-
mation structures found in Shetland and strike-slip
or transtensional structures of southern Scotland
(Fig. 3).

Extensional structures within the onshore Moine
Thrust system are rare (see below). Holdsworth
(1989) identified two sets of subsidiary extensional
structures in the Moine Thrust wedge; an early set
of low-angle faults and associated folds formed
by extensional reactivation of the Caledonian
mylonitic fabric, and steeper secondary extensional
faults, all of which were thought to predate the
formation of the Devonian West Orkney Basin
(Holdsworth 1989). Whether these structures are
related to the profound Devonian extensional col-
lapse of the Caledonian orogen seen in Scandinavia
and Greenland is unclear. Coward (1982, 1983)
interpreted late low-angle extensional faults in the
Moine Thrust zone as surge structures related to a
collapsing frontal part of the thrust complex due to
gravitational instabilities in the orogenic wedge.
Another extensional structure, the Sound of Iona
Fault, was considered to be a ductile extensional
structure with several kilometres of throw, but was
predated by the 414 + 3 Ma Ross of Mull Granite
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Fig. 2. Illustration of the two modes of extensional detachment formation in the Caledonides. Mode I (a) is reactivation
of thrusts as extensional detachments, while Mode II detachments form by the initiation of dipping faults (b) that rotate
to lower angles with increasing strain. The latter type can develop hanging wall basins with rotating beds that can build
up to very thick stratigraphic sequences (c–d).
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(Potts et al. 1995) and therefore also syncontrac-
tional, at least in a large-scale context.

Onshore Scotland and on Orkney Devonian
deposits are found to rest unconformably on the
pre-Devonian substrate, and affected by minor
faults only. However, deep seismic traverses
across the offshore extension of the Moine and
related Caledonian thrusts into the West Orkney
Basin (Brewer & Smythe 1984) reveal more sub-
stantial extensional reactivation of Caledonian
thrusts in this area (Enfield & Coward 1987;
Snyder 1990). Late Lower (Pragian to Emsian;
Marshall & Hewett 2003) to Middle Devonian

(398–385 Ma) sediments fill extensional half-
grabens above the reactivated thrusts, suggesting
that Caledonian thrusts acted as brittle basin-
bounding extensional faults during Middle
Devonian NW–SE extension (Coward et al. 1989).
Coward et al. (1989) estimated the horizontal Devo-
nian extension across the West Orkney Basin to a
few tens of kilometres, decreasing to the SW.

The Devonian strata are gently folded and faulted
in the Orkney Isles, but deformation is more pro-
nounced in the Devonian rocks of Shetland. The
deformation is most intense along the steep faults
that transect this region. In particular, the Walls

Fig. 3. Illustration of the strike-slip overstep model for the Devonian extensional system between southern Norway and
northern Britain. Black faults indicate the main faults in this system, and arrows indicate kinematics. OB, Orcadian
basin. See Figure 1 for other explanations.
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Boundary Fault, which appears to connect with the
Great Glen Fault farther south (Fig. 1), is thought
to have played a significant role during the Devonian
deformation of the Shetland area. Middle(?) Devo-
nian inversion along these basement-rooted faults
has been linked to sinistral strike-slip fault move-
ments (Coward et al. 1989; Watts et al. 2007), poss-
ibly related to Devonian sinistral slip on the
Highland Boundary Fault to the south.

Sinistral slip has also been found on the NW–SE
striking Devonian shear zone along the Møre-
Trøndelag Fault Zone in western Norway (Fig. 3)
(Séranne et al. 1991). This shear zone is connected
to a major system of Middle Devonian basins and
extensional detachments and shear zones along the
SW coast of Norway, and it seems likely that there
was a connection between the extension-related
developments on the two sides of the northern
North Sea. Séranne et al. (1991) and Séranne
(1992a) suggested that the basins and structures all
fit into a large-scale transtensional overstep in a
sinistral system of faulting dominated by NE–
SW-trending faults. In this model, extension
occurs in a large-scale pull-apart structure between
the Møre-Trøndelag Fault Zone and similarly orien-
tated faults farther south, primarily the Highland
Boundary Fault and perhaps also the Southern
Uplands Fault (Fig. 3). All of these faults show evi-
dence of sinistral shear in the Devonian. Early
Devonian transtension in the Midland Valley area
has been favoured (Bluck 1984; Smith 1995;
Soper & Woodcock 2003) while the Mid-Devonian
situation in the UK is less clear. Dewey & Strachan
(2003) suggest that transtension prevails into the
Middle Devonian, while Soper & Woodcock
(2003) prefer a model where the Acadian orogeny
causes a change from transtension to transpression
(see also Mendum & Noble 2010). The Highland
Boundary Fault (or its Caledonian precursor) links
with the Hardangerfjord Shear Zone, as seen on
magnetic and gravitaty maps as well as later fault
trends along the projected line of extension across
the North Sea (Fossen & Hurich 2005). However,
the onshore part of the Hardangerfjord Shear
Zone appears to have acted as a normal (dip-slip)
shear zone at this time (Fossen & Hurich 2005),
hence the NE margin of such a pull-apart basin
must be defined by the coast-parallel extensional
shear zones along SW Norway (Nordfjord-Sogn
Detachment Zone, Bergen Arcs Shear Zone), as
shown in Figure 3.

The Greenland Caledonides

General setting

The 1300 km long Caledonian orogen in East
Greenland has long been considered the counterpart

to the Scandinavian Caledonides and a northward
continuation of the Scottish Caledonides (e.g.
Haller 1971; Higgins & Phillips, 1979). The Green-
land and Scandinavian Caledonides also share many
of the same features, although with some important
differences (Fig. 4). Both orogenic belts are of com-
parable width and length (Fig. 1), and a Scandian
(Silurian to Early Devonian) orogenic wedge have
been thrust above a Precambrian basement and its
sedimentary cover of Neoproterozoic to Ordovician
age. The Greenland orogenic wedge contains nappes
of Precambrian continental basement as well as its
sedimentary cover (Higgins et al. 2004), similar to
the Moine Nappe and several Scandinavian
nappes, and displacements of 200–400 km have
been estimated for the highest allochthonous units
(Higgins & Leslie 2000).

Oceanic nappes derived from Iapetus have not
been found, but Caledonian S-type granitoids
(435–425 Ma) are widespread in the East Green-
land Caledonides. This is in contrast to their Scandi-
navian counterpart where ophiolite complexes are
widespread and granitoids are almost exclusively
arc-related. No sign of early Caledonian (pre-
Scandian) orogenic activity is found in Greenland,
where continental deposition occurred continuously
from the Cambrian to the Middle Ordovician
(southern and central part) and to the late Llandov-
ery (c. 430 Ma, northern part), when the Laurentian
margin was overthrust by Caledonian nappes. The
general thrusting direction in the Greenland Caledo-
nides is to the west or WNW, that is, at a high angle
to the Caledonian collision zone and opposite the
Caledonian thrusting direction in Scandinavia. In
addition there are orogen-parallel strike-slip shear
zones and faults of somewhat unclear significance,
particularly in the NE Greenland Caledonides
(Larsen & Bengaard 1991; Strachan et al. 1992).
Strike slip zones are also important structures in
the Svalbard and British Caledonides south of the
Moine Thrust System, and all of these regions
have been viewed in terms of strain-partitioned
transpression (Strachan et al. 1992), with a switch
from orthogonal shortening to sinistral transpression
around 430 Ma in the Scottish Caledonides (Dewey
& Strachan 2003). Others relate strike-slip move-
ments in the Greenland Caledonides to a late- to
post-collisional Devonian transtensional setting, as
portrayed in Fig. 3 for the North Sea area (Larsen
& Bengaard 1991).

Structural framework

The lowermost Caledonian tectonic units contain
parautochtonohous foreland deposits of Proterozoic
to Ordovician age, exposed in the western tectonic
windows. South of 768N (Fig. 5) these low-grade
units are overthrust by Caledonian allochthons that
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have also been affected by later extensional detach-
ment faulting. Different views exist on the Caledo-
nian tectonistratigraphy of this part of Greenland,
partly stemming from different views on the role
of extensional versus contractional deformation. In

particular, the subdivision generally used by the
Geological Survey of Denmark and Greenland
(GEUS) and associated workers (e.g. Higgins
et al. 2004), where three major thrust sheets are
defined (Niggli Spids thrust sheet, Hagar Bjerg

Fig. 4. Timing of orogenic activity in the Caledonides of the North Atlantic region.

EXTENSIONAL TECTONICS IN THE NORTH ATLANTIC CALEDONIDES 773



Fig. 5. The Greenland Caledonides between 768 and 708 N. Based on Higgins et al. (2004), Andresen et al. (2007) and
Gilotti & McClelland (2008). AC, Ardencaple Fjord; BBF, Boyd Bastionen Fault; BSZ, Bessel Fjord Shear Zone; FRD,
Fjord Region Detachment; FJD, Franz Joseph Detachment; KSZ, Kildedal Shear Zone; PBD, Petermann Bjerg
Detachment; PLD, Payer Land Detachment; WFZ, Western Fault Zone.
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thrust sheet and Franz Joseph allochthon), was chal-
lenged by Andresen et al. (2007), who regarded
these units as a single nappe, disrupted by exten-
sional detachments only. Although most workers
now agree that extensional deformation plays an
important role in the shaping of the present Green-
land Caledonides, there is considerable disagree-
ment about the relative role of thrusting versus
extension. At present it may be useful to broadly
maintain the tectonostratigraphy of Higgins et al.
(2004) for the central and southern parts of the
Greenland Caledonides, but by referring to the
different units as three allochthons units rather
than nappes (Fig. 6), as suggested by Gilotti &
McClelland (2008), with the origin of shear zones
and detachments being kept open.

The lower allochthonous unit (Niggli Spids
thrust sheet of Higgins et al. 2004) consists of
Archaean to Palaeoproterozoic amphibolite-facies
gneisses and a several kilometre-thick sequence of
Meso- to Lower Neoproterozoic metasedimentary

rocks (Krummedal sequence) that have been
deformed and metamorphosed in the Precambrian
as well as during the Caledonian orogeny. Relics
of high-pressure eclogite and granulite-facies Cale-
donian metamorphism have recently been reported
from this unit, overprinted by amphibolite-facies
metamorphism (Gilotti et al. 2008). While the
general view is that these rocks experienced a
history of Caledonian thrusting, an alternative
model calls for extensional flow at mid- to lower-
crustal levels to explain the amphibolite-facies
metamorphism (Andresen et al. 1998).

Gneisses of the Liverpool Land peninsula are
traditionally considered to belong to this unit, and
the occurrence of ultrahigh-pressure metamorphism
in this area deserves special attention. Eclogites
record pressures in excess of 2.5 GPa and tempera-
tures of c. 800 8C, and the age of metamorphism is
interpreted as c. 400 Ma based on zircon U–Pb
dating (Hartz et al. 2005). It has recently been
suggested that the Liverpool Land eclogite terrane

Fig. 6. Tectonostratigraphy of the Greenland Caledonides of the Fjordland Region. Two detachment systems occur
within the orogenic wedge, referred to as the upper and lower system by Gilotti & McClelland (2008). Note that the
upper detachment system locally cross-cuts the lower one.
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is a fragment of Baltica (Western Gneiss Region)
based on the similar eclogite ages and occurrence
of peridotite in both areas (Augland et al. 2009).

The middle allochthonous unit (Hagar Bjerg
thrust sheet) is also dominated by Mesoproterozoic
metasedimentary rocks of the Krummedal sequ-
ence, together with subordinate orthogneiss, that
is, similar to the lower allochthon (Niggli Spids
thrust sheet). The main difference between the two
units is the extensive migmatitization of the
Krummedal sequence and the presence of two
families of very similar-looking S-type granites in
the middle allochthon. The older granites appear
to be related to Proterozoic migmatitization of the
Krummedal metasediments, while the younger
ones are Caledonian (435–425 Ma) (Kalsbeek
et al. 2001, 2008) and connected to a Silurian
phase of partial melting.

The upper allochthonous unit (Franz Joseph
allochthon) consists of generally low-grade to un-
metamorphosed Neoproterozoic to Mid-Ordovician
sediments deposited on the Laurentia margin. The
Neoproterozoic to Ordovician Elenore Bay Super-
group and the Vendian Tillite Group dominate this
unit, which is considered to have been carried
passively on the substrate (middle unit) before the
formation of extensional detachments (Higgins
et al. 2004). It is possible that the separation of the
middle and upper allochthonous units is caused by
extensional shearing (Andresen et al. 2007), which
would make the upper allochthonous unit exten-
sional by origin.

In the northern part of the East Greenland
Caledonides, the undeformed foreland sequence of
Neoproterozoic to Silurian strata are well rep-
resented and flanked to the east (Kronprins Christian
Land) by a thin-skinned fold-and-thrust belt where
mostly Ordovician–Silurian rocks are involved
(e.g. Higgins & Leslie 2008). The foreland deposits
are overridden by a thrust sheet of Neoproterozoic
rocks (the Vandredalen thrust sheet), and farther
east by thrust sheets containing basement gneisses.
Orogen-parallel transport has been reported from
these units and explained in terms of oblique col-
lision (transpression) between Baltica and Laurentia
(Holdsworth & Strachan 1991; Strachan et al. 1992)
or Devonian transtension (Larsen & Bengaard
1991). Age determinations suggest that the two
main strike-slip shear zones, the sinistral Storstrøm-
men and the dextral Germania Land deformation
zone (Fig. 1), initiated in Middle(?) Devonian
times (Gilotti et al. 2008) and therefore are of late-
or post-Caledonian significance. As seen in the
southern part of the Greenland Caledonides, thrust
sheets derived from the Laurentia margin show a
progressive increase in age and metamorphic grade
from west to east (Higgins et al. 2001). In NE Green-
land the highest pressures are recorded in eclogite

enclaves in the eastern parts of the exposed nappe
stack (Nørreland thrust sheet) (Fig. 1).

Devonian (ultra)-high pressure

metamorphism

Evidence of high-pressure (HP) metamorphism is
found in both the southern and northern part of the
East Greenland Caledonides and several age deter-
minations from both parts indicate an Early Devo-
nian age for the eclogitization (c. 410–390 Ma)
(Gilotti et al. 2004; Gilotti & McClelland 2007).
In the northern part of the orogen, local ultra-high
pressure (UHP) metamorphism has, quite surpris-
ingly, been dated to be significantly younger at
365–350 Ma (Gilotti et al. 2004; Lang & Gilotti
2007). Based on these SHRIMP 206PB/238U ages
Gilotti et al. (2004) suggested that the collisional
(Scandian) phase be extended through the Devonian
and into the lowermost Carboniferous. Such anom-
alously young ages seriously challenge existing
models for the Caledonian evolution and termin-
ation. They also imply considerable exhumation
and extension to have taken place after 365–
350 Ma in order to expose ultrahigh-pressure rocks
that formed at 970 8C and 3.6 GPa (Lang & Gilotti
2007). If these ages are reliable and correctly inter-
preted, the history of Caledonian-related extension
in Greenland may have been a very long one, and
existing models for the Caledonides need substan-
tial modification, as discussed later on.

The Devonian basin

More than 8 km of Middle (Eifelian) and Late
Devonian coarse continental clastic sedimentary
rocks occur in what is regarded as remnants of a
single Old Red sedimentary basin in the south-
central part of the Greenland Caledonides (Larsen
et al. 2008). The sedimentary rocks unconformably
overlie Cambro-Ordovician and locally older rocks
in the north and locally in the west. However, the
Western fault zone runs along the present western
margin of the Devonian basin, separating it from
late Proterozoic sediments of the Eleonore Bay
Group. In the east the basin fill is in fault contact
with Lower Palaeozoic and post-Devonian rocks
(Fig. 5).

Similar to other Devonian basins in the North
Atlantic region, the basin formation is linked to the
extensional collapse of the Caledonides (McClay
et al. 1986), although an influence of sinistral
strike slip faulting has been suggested (Larsen &
Bengaard 1991). Andresen & Hartz (1998) disre-
garded Devonian strike-slip in this context, and
linked the basin to a major extensional detachment
to the west (the Fjord Region Detachment;
Fig. 7a) and considered the West fault zone that
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runs along the west margin of the basin as a subsidi-
ary hanging wall normal fault. This model implies
that the Devonian basin (half graben) extended
some 50 km west of its present location.

Extensional detachments and faults

Although the presence of extensional faults in the
East Greenland Caledonides has been recognized
for a considerable amount of time (Fränkl 1953;
Haller 1971), their abundance and profound influ-
ence on the Caledonian orogenic wedge has
become increasingly clear since the early 1990s.
In a sense, the thinking has gone from pure contrac-
tion to extension via strike-slip faulting, which was
suggested as a key element in the formation of the
Devonian basin (Larsen & Bengaard 1991) and
which is still considered to be and important
element in the Caledonides north of 768 (Strachan
et al. 1992; Smith et al. 2007). At present, a
number of extensional structures have been
mapped, particularly south of 768 N, although
more work is needed to fully understand their
extent, interconnection, temporal development and
regional significance. This becomes obvious when
comparing the different views on the role of

extensional deformation in this part of the Caledo-
nides, which range from a fairly limited modifi-
cation of the Caledonian contractional thrust
architecture (Higgins et al. 2004) to models where
extensional detachments completely control the
present map pattern of the East Greenland Caledo-
nides (Gilotti & McClelland 2008) and where the
classical tectonostratigraphy outlined in Higgins
et al. (2004) and several earlier views are challenged
(Andresen et al. 2007).

Documented extensional shear zones and faults
are developed and studied in the central and
southern part of the Greenland Caledonides (south
of Bessel Fjord), and many of them show similar
characteristics. Several extensional shear zones in
the northern part of Fig. 5 near Ardencaple Fjord
were described by Strachan (1994), juxtaposing
different levels of the tectonostratigraphy, locally
with a late brittle development (Gilotti &
McClelland 2008). The shear zones in this area
show more or less east–west extension.

The largest in terms of length is the west-dipping
Fjord Region Detachment (Andresen et al. 1998)
and its extension to the south (Figs 5 & 7). This low-
angle detachment is an up to 1 km-thick mylonite
zone that originated at more than 25 km depth,

Fig. 7. Profiles across the East Greenland Caledonides in the Fjordland Region (see Fig. 3 for location), reflecting three
different interpretations. (a) Andresen et al. interpret the detachments as basement faults; (b) Higgins et al. (2004)
distinguish between subhorizontal detachments along Caledonian thrusts and basement-transecting detachments; and
(c) Gilotti & McClelland (2008) interpret most of the detachments as intra-wedge detachments (the Boyd Bastionen is
interpreted as a late fault).
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possibly considerably more (30 km of crustal omis-
sion is estimated by Gilotti & McClelland 2008) and
developed during progressively lower P–T con-
ditions. At higher crustal levels strain localized to
a 10–50 m thick brittle fault within the shear
zone, and the fault is seen in the field to be slightly
steeper than the mylonite zone (Andresen et al.
1998). The Fjord Region Detachment, which
extends along strike for several hundred kilometres,
brings the sedimentary rocks of the upper allochtho-
hous unit in fault contact with Precambrian gneisses
that may belong to the lower (Gilotti & McClelland
2008) or middle (Andresen et al. 2007) units and
cuts across contractional fold structures in the
hanging wall. A metamorphic break between the
greenschist-facies hanging wall metasediments and
the amphibolite-facies mylonites of the shear zone
is characteristic and supports the impression that
the extensional down-to-the-east displacement
amounts to several tens of kilometres.

The Payer Land detachment (Gilotti &
McClelland 2005) juxtaposed HP/HT granulites
with metasediments of the greenschist-facies upper
unit (Eleonore Bay Supergroup). This is the
largest metamorphic break mapped across an exten-
sional detachment in the Greenland Caledonides
and the displacement is estimated to 80–100 km
(throw of 40–50 km) (Gilotti & MacClelland 2008).

Extensional detachments that have received less
attention are the Petermann Bjerg Detachment and
the Boyd Bastionen Fault. The former consists of
several low-angle and west-dipping shear zones
with a top-to-the-NNW sense of shear. The Boyd
Bastionen Fault, however, is a steeper, east-dipping
brittle fault with down-to-the-east offset that post-
dates the shear on the Petermann Bjerg Detachment
(Gilotti & McClelland 2008).

Detachment geometry

The Fjord Region Detachment and several other
extensional shear zones downthrow to the east,
typically with low to intermediate dips. The behav-
iour of these ductile detachments at depth has not
received much attention, and conflicting interpret-
ations seem to exist, as shown in Figure 7. Andresen
et al. (1998, 2007) present the Fjord Region
Detachment as a shear zone that truncates the basal
thrust and extends into the underlying basement,
similar to the Mode II shear zones in the Scandina-
vian Caledonides (Fossen 1992). Hartz et al. (2001)
on the other hand seem to let this and similar detach-
ments flatten out at the basal thrust level. Higgins
et al. (2004) distinguished between very low-angle
detachments formed by reactivation of Caledonian
thrusts (e.g. Peter Bjerg Detachment in Fig. 7b) and
somewhat younger and steeper basement-rooted
faults (Boyd Bastionen Fault and Fjord Region

Fault), again similar to the Mode I–II extensional
development in Scandinavia. Gilotti & McClelland
(2008) maximize the concept of very low-angle
detachments to the point where they form a more or
less continuous and interconnected detachment fra-
mework. They sorted the detachments into a lower
and an upper system that separate the lower, middle
and upper allochthonous units (Fig. 6). These detach-
ments, which themselves do not extend into the
autochthonous basement according to Gilotti &
McClelland (2008), were then transected by brittle
faults at a relatively late (post-Devonian) stage.

Timing of extensional deformation

in Greenland

It has proven challenging to constrain the exten-
sional deformation events both in absolute time
and relative to the contractional deformation
within the East Greenland Caledonian belt. Refer-
ence is often made to Caledonian leucogranites,
which yield ages around 435–425 Ma according
to Hartz et al. (2000, 2001); Watt et al. (2000);
Kalsbeek et al. (2001); White & Hodges (2002)
and Andresen et al. (2007). Emplacement of these
granites was partly pre- and partly (mostly) syn-
tectonic according to the same authors. Some of
these granites are reported to be syn-thrusting
(Higgins et al. 2004), with ages around 429–
422 Ma (Hartz et al. 2001; White & Hodges 2002;
Andresen et al. 2007), while others are reported to
be involved in extensional detachment faulting
(Hartz et al. 2000; Strachan et al. 2001; White &
Hodges 2002; Andresen et al. 2007), formed by
decompressional melting and migmatization
(Hartz et al. 2001; Kalsbeek 2001). The extension-
related dates (430–424 Ma; Strachan et al. 2001;
White & Hodges 2002; Andresen et al. 2007)
largely overlap with the thrusting-related ones, i.e.
synchronous contraction and extension around
425 Ma. Furthermore, based on age determinations
of migmatites and granites intruded at different
crustal levels, Andresen et al. (2007) presented a
model where contractional deformation occurred
in the middle crust while the upper crust extended
around 429–425 Ma, while Gilotti & McClelland
(2008) favour a slightly younger age for the high-
level extension (420 Ma). 40Ar/39Ar thermochrono-
logical data reported by White & Hodges (2002)
suggest a phase of extension around 425 Ma and a
Devonian one (c. 414–380 Ma) that affected deep
structural levels. All together, the data indicate syn-
convergent Silurian extension within the Caledo-
nian orogenic wedge, a situation reminiscent of
that seen in the present-day Himalayan orogen
(e.g. Burchfiel et al. 1992), and Devonian extension
and exhumation that appear to be post-Scandian
(e.g. White & Hodges 2002).
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As for the deep parts of the crust, Gilotti &
McClelland (2005) suggest that the extensional
faulting responsible for exhumation of deep-level
rocks in the orogen mainly occurred (shortly) after
c. 405 Ma, the U–Pb age they present for high-
pressure granulite-facies metamorphism in the
lower unit. A number of 40Ar/39Ar cooling ages
fall around 400 Ma (White & Hodges 2002) or
slightly younger (Dallmeyer et al. 1994), and an
40Ar/39Ar date of pseudotachylyte in the brittle
deformation on the Fjord Region Detachment
reveals that this detachment had reached upper
crustal levels as the Devonian basin formed. This
pattern of Devonian extension fits the timing of
extensional detachments in the Scandinavian Cale-
donides, as discussed later.

The Scandinavian Caledonides

The c. 1800 km long belt of Caledonian deformation
and metamorphism in Scandinavia is, in simple
terms, built upon a Precambrian basement
(Baltica) and its Neoproterozoic to Ordovician
cover that becomes increasingly involved in Cale-
donian deformation and metamorphism toward the
west coast. Remnants of an orogenic wedge consist-
ing of thrust nappes derived from the Baltica margin
as well as the Iapetus ocean (e.g. Gee et al. 2008)
rest on this basement. These nappes have been trans-
lated up to hundreds of kilometres from the collision
zone towards the foreland, with a general increase in
translation from the short-transported lower nappes
to the highest nappe units. A nappe stratigraphy has
been assigned to the allochthonous units, which
range from the relatively short-transported deriva-
tives of the precollisional Baltica continental
margin (Lower and Middle Allochthon) via out-
board nappes derived from the Iapetus ocean
(Upper Allochthon) to far-travelled units of possible
Laurentian affinity (Uppermost Allochthon) (Gee
et al. 1985; Roberts 2003).

The accumulation of Caledonian allochthons in a
more than 1800 km long and 500 km wide orogenic
wedge caused severe deformation and metamorph-
ism of the units involved. Hence, many nappes are
pervasively deformed although the interior of
some large crystalline nappes, such as the Jotun
Nappe of southern Norway, are only gently affected
by Caledonian deformation and metamorphism.

The magmatic and metamorphic pattern is
different from that of the Greenland Caledonides,
with less evidence of synorogenic partial melting
(migmatitization) or granite emplacement in nap-
pes derived from the Baltica margin, but with abun-
dant greenschist to amphibolite-facies magmatic
arc-related complexes. Also, (ultra)high-pressure
rocks appear to be more widespread than in the

Greenland Caledonides, particularly in the major
southwestern basement window known as the
Western Gneiss Region (Figs 1 & 8) (Krogh 1977;
Wain 1997; Carswell & Cuthbert 2003). This
general pattern suggests a cooler crust that locally
experienced very high pressures. Coupled with the
fact that Caledonian pressure estimates increase dra-
matically toward the collision zone (hinterland), this
has led to the generally accepted model of west-
directed subduction of oceanic crust and eventually
the Baltica margin (Krogh 1977) under Laurentia
during the Silurian-Early Devonian Scandian
orogeny (Griffin et al. 1985; Andersen et al.
1991). Exhumation of the (ultra)high-pressure
rocks and the western part of the Scandinavian Cale-
donides in general is explained in terms of Devonian
extensional deformation (e.g. Norton 1986; Ander-
sen & Jamtveit 1990; Andersen et al. 1991; Johnston
et al. 2007a, b) and commonly linked to the for-
mation of Devonian basins (Norton 1987; Andersen
& Osmundsen 1994).

Extensional deformation structures that can be
related to the Caledonian orogen have been found
from the southwesternmost part (Stavanger area)
to northern Norway (Rombak window) (Fig. 1).
The majority of these structures are Early to
Middle Devonian in age and postdate the construc-
tion of the Scandinavian Caledonides. They were
first mapped in SW Norway, which is also the area
where they are best developed, most studied and
best understood.

Extensional back-sliding of the orogenic

wedge in south Norway

The Caledonian orogenic wedge rests on a weak
basal décollement zone of mostly metapelites
(slates, phyllites and micaschists) (Fig. 8) that
acted as the Caledonian sole thrust on which
allochthonous units were transported to the east
and SE (e.g. Hossack & Cooper 1986). However,
regional kinematic mapping of the well exposed
basal décollement zone in South Norway has
shown that the top-to-the-east and SE structures
were consistently overprinted by asymmetric
folds, cleavage and mylonitic kinematic structures
indicating transport to the west and NW (Fossen
1992). The overprint can be traced east of the
Jotun Nappe, east of the area covered by Figure 8
and well into the thin-skinned part of the orogen.
The intensity of this deformation is remarkable,
but nevertheless largely overlooked even in very
detailed structural reports (e.g. Kvale 1948).

However, some did report (N)W-vergent struc-
tures, such as Banham et al. (1979) who interpreted
them as contractional, having formed on the Lauren-
tian side of a Caledonian suture. Others regarded
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Fig. 8. Geological map of SW Norway showing the locations of Devonian basins, dipping extensional shear zones and
high-pressure (eclogite) and ultrahigh-pressure (coesite eclogite) parageneses. Eclogite locations from Young et al.
(2007).
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top-to-the-NW structures as an expression of some
sort of back-thrusting (Milnes & Koestler 1985),
implying a synorogenic, contractional origin.
Naterstad et al. (1973) noted the SE-dipping clea-
vage of the décollement zone and late NW-verging
folds and described them as ‘puzzling, unsatisfacto-
rily explained features that perhaps indicate a late
northwestward movement of the allochthonous
cover rocks relative to the basement’.

As the picture of a general northwestward
increase in pressure and temperature of the late
Caledonian metamorphic mineral assemblages was
further elucidated from the 1980s onwards (Fossen
2000 and references therein), it became clear that
the basal décollement zone was dipping to the NW
at the end of the Caledonian orogeny (Hossack &
Cooper 1986). With this geometry in mind it
became obvious that the kinematic reversal on the
basal décollement (Fig. 2a) is not related to back-
thrusting or other contractional deformation, but
implies crustal extension on a regional, if not oro-
genic scale (Fossen 1992). The reversal of shear
sense on the décollement zone can be traced up to
300 km east of the present SW Norway coast line,
well east of the major Caledonian nappes containing
detached Baltic crust, such as the Jotun Nappe
(Fig. 8). The back-sliding of the orogenic wedge
in South Norway, referred to as Mode I extension
in some works (Fossen 1992; Milnes et al. 1997)
has been roughly estimated to 20–36 km (Fossen
& Holst 1995) and dated to approximately
400 Ma (Fossen & Dallmeyer 1998; Fossen &
Dunlap 1998).

West- and NW-dipping extensional

shear zones

In addition to the back-sliding of the orogenic
wedge by reactivation of Caledonian thrusts, a
number of (originally) steeper extensional shear
zones transect the Caledonian nappe stratigraphy
and extend into the basement (Mode II extension
of Fossen 1992, see Fig. 2b). One of these is the
Hardangerfjord Shear Zone, a several hundred kilo-
metres long NW-dipping basement shear zone that
affects the overlying nappes by forced folding and
faulting (Fig. 8, profiles). Offshore seismic sections
across this shear zone show that this is a basement
shear zone extending into the lower crust (Fossen
& Hurich 2005). Furthermore, there is a marked
back-rotation of the Caledonian nappes and the
basal décollement across the Hardangerfjord Shear
Zone, along with a change from thin- to thick-
skinned Caledonian tectonics.

Several other basement shear zones occur, some
dipping to the NW and others with a more westerly
dip and remarkably curved map pattern. Interest-
ingly, they all involve hanging wall translations

toward the hinterland. Coast-parallel extensional
shear zones include the Karmøy Shear Zone
(location in Fig. 1), which has brought the well-
preserved Karmøy Ophiolite Complex (Pedersen
& Hertogen 1990) in contact with the Proterozoic
basement, and the Bergen Arc Shear Zone, which
separates the arc-shaped allocthons of the Bergen
area from the basement and lower nappe units to
the east (Wennberg et al. 1998). The Nordfjord-
Sogn Detachment Zone is another top-to-the-west
shear zone that transects the Caledonian basement
and will be treated below. These shear zones post-
date most of the Mode I back-sliding of the orogenic
wedge and represent a second mode of horizontal
stretching of the Caledonian crust in western
Scandinavia.

Devonian basins and the Nordfjord-Sogn

Detachment Zone

The Devonian basins of SW Norway, particularly
the Solund and Kvamshesten basins, were pre-
viously thought to have been thrust eastward at
late stages of the Caledonian orogeny, loosely refer-
red to as the Svalbardian and more locally the
Solundian phase (e.g. Kolderup 1923; Høisæter
1971; Roberts 1983; Torsvik et al. 1986), but it
was realized through the 1980s that abundant
top-to-the-west kinematic data and condensed meta-
morphic isograds contradict such an interpretation
(Norton 1986, 1987; Séranne et al., 1989; Andersen
et al. 1991). Instead, it became clear that what un-
derlies the Devonian basins is perhaps one of the
largest extensional shear zones in the world, now
known as the Nordfjord-Sogn Detachment Zone.

The Nordfjord-Sogn Detachment Zone (NSDZ)
is the largest of the west-dipping extensional shear
zones in the Scandinavian Caledonides in terms of
strain, offset and thickness. This shear zone, which
is generally a very low-angle detachment zone that
probably initiated with steeper dips, is seen to be
curved around east–west axes that plunge very
gently to the west. The NSDZ stretches for
120 km from the north side of the Devonian Horne-
len Basin to the outer Sognefjord area, where it con-
nects with the Bergen Arc Shear Zone. The
Nordfjord-Sogn Detachment Zone separates the
Devonian basin fill and its greenschist-facies sub-
strate in the hanging wall from eclogite-bearing
gneisses of the Western Gneiss Region in the foot-
wall (Fig. 8), a metamorphic break that increases
to the north because of the NW-directed P-T
increase in the Western Gneiss Region (Krogh
1977; Young et al. 2007).

Internally, the zone comprises a highly attenu-
ated series of reworked Baltican basement, conti-
nental nappes and oceanic nappe units, all
strongly sheared and with abundant top-to-the-west
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kinematic indicators (Chauvet & Séranne 1988).
The extension-related metamorphic grade increases
downwards through the zone from greenschist to
amphibolite facies, although retrogression and
finally overprinting by brittle structures are charac-
teristic throughout. Discrete detachments of brittle
character that locally excise the ductile detachment
zone are late components of the Nordfjord-Sogn
Detachment Zone (Braathen et al. 2004; Johnston
et al. 2007a), with Permian and even late Jurassic
to Early Cretaceous activity (Eide et al. 1997).
Such brittle detachments typically mark the upper
margin of the detachment zone, while the lower
boundary tends to be more gradual. The Nordfjord-
Sogn Detachment Zone is up to 5–6 km thick, indi-
cating an offset well in excess of 50 km (Norton
1986; Milnes et al. 1997). However, the total
ductile shear offset is complemented by more
coaxial deformation in its footwall (Andersen &
Osmundsen 1994), a finding that has caused a
change from models involving just the detachment
zone itself to more composite models that also
involve flow in the lower crust, as represented by
the basement gneisses of the Western Gneiss
Region.

The clastic Devonian basins in the hanging wall
to the NSDZ rest unconformably on Lower Palaeo-
zoic rocks of the Upper Allochthon, and are in
fault contact with the detachment zone along their
northern, eastern and southern margins. The only
exception is the smallest of the basins (Håsteinen),
which rests unconformably on allochthonous rocks
of the hanging wall to the NSDZ (Vetti 2008). The
development of these supradetachment basins is
clearly connected to the NSDZ, although they
initiated in the hanging wall to a normal fault
system east of their present location and were later
juxtaposed against the ductile NSDZ. Their large
stratigraphic thicknesses, more than 25 km for the
northern (Hornelen) basin, has been explained by
a listric fault model that also explains the general
easterly dip of the Devonian beds (Figs 2b–d).

Coaxial strain and (U)HP beneath the

Nordfjord Sogn Detachment Zone

High Caledonian pressures are indicated by eclo-
gites and related high-P parageneses in the western
part of the Western Gneiss Region, increasing to
ultrahigh pressure (UHP) assemblages (coesite and
micro-diamonds) north of the Hornelen Basin
(Fig. 8). The eclogite-bearing gneisses show a
general trend of increasing P–T conditions toward
the NW (Krogh 1977; Labrousse et al. 2004;
Young et al. 2007). In detail, however, this trend
is complicated by incomplete metamorphic equili-
bration and by late ductile deformation of the
Western Gneiss Region. The influence of ductile

deformation increases to the NW towards the Møre-
Trøndelag Fault Zone, which had a significant
Devonian strike-slip component (Séranne 1992b;
Robinson 1995; Krabbendam & Dewey 1998).

Exhumation of these UHP rocks from as much as
100–140 km depth (Wain 1997; Cuthbert et al.
2000; Terry et al. 2000a) to upper crustal levels
over a relatively short period of geological time is
challenging, and shear along the NSDZ may not
be the only mechanism involved. There is evidence
of coaxial and for a large part constrictional strain in
the WGR beneath the NSDZ that have contributed
to the E-W extension (Krabbendam & Wain 1997;
Barth et al. 2010). This deformation occurred
under amphibolite-facies conditions, and thus at
crustal depths (Krabbendam & Wain 1997). Fur-
thermore, several authors have presented variations
of a model involving coaxial or more complex flow
at sub-crustal depths where a marked density
contrast is to be expected between the weakened
and buoyant leading edge of subducted continental
crust and the surrounding mantle, and simple shear
on the NSDZ at crustal levels (Andersen et al.
1995; Milnes et al. 1997; Hacker 2007; Johnston
et al. 2007b; Young et al. 2007). Geochronological
data indicate that this sub-crustal flow predates the
NSDZ (Johnston et al. 2007a).

Time constraints in SW Norway

The youngest sediments evidently affected by
Caledonian thrusting in the Caledonides belong to
the Ludlow and lower Pridoli (423–418 Ma) Ring-
erike Sandstone of the Oslo region (Bockelie and
Nystuen, 1985). 40Ar/39Ar dates of cleaved phyllite
from the hinterland indicates that the Caledonian
collision was ongoing at c. 410 Ma (Fossen &
Dunlap 2006). Similarly, samples with fabrics
consistent with foreland-directed thrusting from
the décollement along the eastern margin of the
Jotun Nappe yield 40Ar/39Ar ages within the range
415–408 Ma, while muscovite 40Ar/39Ar ages
from samples with hinterland-directed (extension-
related) fabrics from the same area fall between
402–394 Ma (Fossen & Dunlap 1998), suggesting
a change from convergent to divergent movements
a few million years before 400 Ma.

Muscovite 40Ar/39Ar ages from the Western
Gneiss Region (Lux 1985; Chauvet & Dallmeyer
1992; Andersen et al. 1998; Hacker & Gans, 2005;
Root et al. 2005; Walsh et al. 2007; Young et al.
2007) span from around 400 Ma in the SE to 390–
365 Ma in the NW UHP area. They are generally
regarded as cooling ages reflecting the north-
westerly dip of the subducted WGR in the Middle
Devonian (e.g. Walsh et al. 2007), where the
deepest parts were the last to pass the 40Ar/39Ar
retention temperature. These 40Ar/39Ar ages mostly
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postdate U–Pb and Sm–Nd ages of the (U)HP meta-
morphism, which range from 415–400 Ma (Mearns
1986; Mørk & Mearns 1986; Terry et al. 2000b;
Carswell et al. 2003; Root et al. 2004; Tucker
et al. 2004; Young et al. 2007). Hence, the UHP
metamorphism occurred before, but also during
the initiation of the NSDZ and the regional switch
from Caledonian contraction to postcollisional
extension in this part of the Caledonides. Late Ordo-
vician (446–449 Ma) white mica 40Ar/39Ar ages in
the hanging wall to the NSDZ (Andersen et al. 1998;
Eide et al. 1999) implies that the hanging wall was
not buried deep enough during the Scandian
orogeny to open the 40Ar/39Ar system in white
mica (c. 350 8C). This is consistent with the model
where the hanging wall to the NSDZ and the
former basal thrust zone remains a relatively con-
stant crustal depth while the WGR (footwall) is sub-
ducted to extreme depths and then educted.

The Devonian basin fill above the NSDZ is
generally Middle Devonian (385–398 Ma) (Jarvik
1949), but the lowermost parts may locally contain
Early Devonian (pre-398 Ma) fossils (Kiær 1918).
Hence, the Devonian basin formation in SW
Norway can be linked in time to top-to-the-west
shearing on the extensional NSDZ. However, the
basins evolved at a higher crustal level and were
brought in contact with the ductile mylonites
during the evolution of the NSDZ, partly as late
as the Permian (Eide et al. 1997). K-feldspar
40Ar/39Ar modelling data from across the south
Norwegian Caledonides indicates rapid cooling
through the brittle-ductile transition in the Early
Devonian, followed by a period of slower cooling
in the south (Dunlap & Fossen 1998) and rapid
cooling in Late Devonian–Early Carboniferous
time in the NSDZ area (Eide et al. 1999). This is
in agreement with U–Pb ages of epidote on brittle
fault surfaces from the basement in the Bergen
area (c. 395 Ma: Larsen et al. 2003).

Contraction of Devonian basins

and the NSDZ

A series of upright folds with east–west trending
axial trace occur from Bergen to the Møre-
Trøndelag Fault Zone (Fig. 8), affecting the Devo-
nian basin and the NSDZ, losing definition east of
the coastal area. The folds are the last ductile defor-
mation recorded in this part of the Caledonides, and
their origin and precise age have been a matter of
uncertainty and debate for some time. Several
workers argue that the folding is syndepositional
(Bryhni & Skjerlie 1975; Chauvet & Séranne
1994) and simultaneous with the development of
the ductile fabrics of the NSDZ (Krabbendam &
Dewey 1998), that is, north–south shortening
during east–west extension. This is compatible

with the observation of minor soft-sediment reverse
faults in the Middle Devonian deposits. Most
faults, however, have cataclastic fault rocks, sug-
gesting north–south shortening also at later stages
(Osmundsen et al. 1998). Some of these faults are
reverse, involving offsets up to at least several
hundred metres according to Braathen (1999). The
development of cataclasites on these faults suggests
5–10 km burial depth during faulting.

There are other indications that at least some
north–south contraction occurred after deep burial
of the Devonian basin fill, including an axial
planar cleavage, which is locally developed in the
Håsteinen Basin (Vetti 2008), and the fact that
Devonian rocks along the Møre-Trøndelag Fault
Zone show growth of phengite associated with
tectonic cleavage formation (Bøe et al. 1989). The
rapid burial of Devonian sediments in the Middle
Devonian, with cooling occurring in the Late
Devonian (Eide et al. 1999), indicates that these
contractional structures still could have formed
during the Middle Devonian basin formation.

Some (Braathen 1999; Osmundsen & Andersen
2001; Torsvik et al. 1988) prefer a Late Devonian-
Early Carboniferous age for the north–south
contraction, partly based on paleomagnetic data
presented by Torsvik et al. (1988). However, their
paleomagnetic data do not really favour a Carbon-
iferous age over a Devonian one (Vetti 2008), and
a Late Devonian age was actually favoured on
other works by Torsvik et al. (1986, 1987). Eide
et al. (1997) presented thermochronologic data
that indicate latest Devonian to Early Carboniferous
cooling, and speculate that the cooling may be con-
nected to a phase of folding and inversion. All
together, there are indications for folding during
as well as after the ductile activity on the exten-
sional NSDZ, but we do not really know whether
the north–south contraction was a prolonged
Devonian feature (Chauvet & Séranne 1994) or if
it occurred in the form of recurring related or
unrelated pulses.

A syn-extensional model is consistent with a
model where the east–west trending folds are part
of a transtensional system associated with the Møre-
Trøndelag Fault Zone with increasing vorticity
towards the fault zone (Krabbendam & Dewey
1998). Rotation of axial traces and tightening of
folds from east–west to SE–NW towards this
fault zone (Chauvet & Séranne 1994; Robinson
1995) as well as a spatial rotation of the extension
direction (Fig. 8) (Krabbendam & Dewey 1998)
makes variants of this model compelling. It also
fits the regional model presented for the North Sea
Devonian basins in Figure 3. Another model is
one where the north–south shortening is a comple-
tely separate event controlled by external forces and
events, such as the Hercynian orogeny (Roberts
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1983). A third explanation calls for internal permu-
tations in stress axes during the development of
large extensional shear zones such as the NSDZ
(Yin 1991; Fletcher et al. 1995). Chauvet &
Séranne (1994) applied this model to SW Norway,
but suggested that the north–south shortening is
caused by a combination of external forces and
internal stress permutations during extensional
exhumation.

Extensional structures in central

and northern Norway

The strike-slip dominated Møre-Trøndelag Fault
Zone transferred strain to several west and SW-
dipping extensional shear zones to the northeast
(Séranne 1992b), notably the Høybakken Detach-
ment, Kollstraumen detachment zone, and the Nesna
Shear Zone, and as such represents an important
transfer structure in the extensional detachment
system of the Scandinavian Caledonides. These
shear zones are kinematically coherent and consist-
ent with a (West)SW–(East)NE extension direction,
that is, somewhat oblique to the east–west exten-
sion direction recorded in the WGR and NSDZ to
the south, and show a development from plastic to
brittle deformation mechanisms. At least some
of them transect the basal thrust and penetrate the
basement, thus postdating Caledonian thrusting.
40Ar/39Ar ages indicate activation around 400–
380 Ma (Eide et al. 2002; Kendrick et al. 2004)
with an indication of renewed extension in the
Carboniferous. Also, these shear zones display an
evolution from plastic to ductile deformation, with
plastic conditions close to 400–395 Ma and brittle
conditions closer to 380 (Larsen et al. 2002;
Kendrik et al. 2004).

Extension-related structures are also present
farther north, but these are not as well studied as
in central and southern Norway. No major exten-
sional detachment zone with a significant associated
jump in metamorphic grade has been documented in
northern Norway. There are however asymmetric
folds and other kinematic structures indicating
top-to-the-west transport in deformed Caledonian
rocks, particularly in the Ofoten area (Steltenpohl
& Bartley 1988). Fossen & Rykkelid (1992) and
Rykkelid & Andresen (1994) suggested the pres-
ence of west-dipping extensional shear zone of the
Mode II type described from southern Norway, but
with a lesser amount of extension than that of the
major shear zones in southern Norway.

The possible existence of a larger extensional
décollement zone west of the present coastline in
the Lofoten area (Fig. 1) has been suggested
(Coker et al. 1995), and basement rocks containing
Caledonian eclogites in the Lofoten basement
window (Steltenpohl et al. 2003) may fit into such

a model. However, the uplift history in Lofoten
was much slower and/or occurred later than the
one revealed in the Western Gneiss Region, with
white mica 40Ar/39Ar cooling ages ranging from
Early Devonian to Permian (Steltenpohl et al.
2004). It has also been suggested that substantial
sinistral orogen-parallel movement of postorogenic
age took place in North Norway (Steltenpohl et al.
2004), although the significance of this deformation
is as yet unclear. Extensional structures of Devonian
age may possibly be traceable somewhat farther
north, to the Tromsø area, but they do not appear
to be major extensional structures. Devonian exten-
sional detachments have not been found in the
northernmost part of Norway.

Discussion

A variety of extensional expressions are found in the
Caledonian orogen, but those associated with the
terminating stages of the orogeny dominate. These
can be separated into:

1. reactivation of Caledonian thrusts or thrust
zones;

2. Extensional shear zones transecting the Cale-
donian nappe stratigraphy and extending deep
into the basement;

3. Brittle faults postdating crystal-plastic shear-
ing; and

4. Devonian basin formation.

The formation of extensional structures is well
known to occur throughout the lifetime of an oro-
genic cycle, particularly at higher levels of the oro-
genic wedge (e.g. Platt 1993). Evidence for
syncollisional extension before c. 405 Ma is well
documented in Greenland (Hartz et al. 2001;
Andresen et al. 2007) and almost certainly occurred
within an overall contractional orogenic wedge
throughout the orogen as various wedge instabilities
formed due to changing internal and external con-
ditions (Platt 1993). A concentration of synorogenic
extensional structures in Greenland may relate to
the Silurian heating of this part of the orogen, as
thermal weakening of thick crust is thought to
promote extensional collapse (e.g. Lachenbruch &
Morgan 1990; Kapp et al. 2008). However, in the
case of the Caledonides, relative and absolute
ages suggest that the majority of extensional
structures were active around 400–380 Ma, fol-
lowed by brittle (re)activation on both sides of the
suture. The abundance of extensional deformation
around 400–380 Ma indicates that the Caledonian
orogen had entered a very different kinematic
stage. Some have considered this a postcollisional
stage (Fossen 1992, 1993, 2000; Rykkelid &
Andresen 1994; Wilks & Chutbert 1994; Milnes
et al. 1997; Rey et al. 1997; Krabbendam &
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Dewey 1998; Johnston et al. 2007b) while others
have argued in favour of synconvergent extension
(Andersen et al. 1991; Andersen 1993; Gee et al.
1994; Coker et al. 1995; Robinson 1995). An
extreme view is taken by Tucker et al. (2004) who
present a model where (strike-slip assisted) Scan-
dian contraction lasts well into the Late Devonian.

In this context is important to realize that the kin-
ematic information about the Devonian extensional
deformation from both sides of the North Atlantic
Ocean reveals an overall pattern of dominantly
top-to-hinterland transport (Fig. 1), that is, a domi-
nance of west-directed translations of hanging
walls to detachments in the Scandinavian Caledo-
nides and east-directed translations in the Greenland
Caledonides. In detail the pattern is more complex,
with a more southwesterly transport direction in
central Norway north of the Møre-Trøndelag Fault
Zone and locally a southerly component immedi-
ately north of the Devonian basins in Greenland
and additional strike-slip zones. Nevertheless, the
overall hinterland-directed transport implied by
the kinematic observations is remarkable.

Advocates of syn-collisional extension in the
Caledonides and similar orogenic belts have
explained extension in terms of gravity-driven oro-
genic collapse of an overthickened crust (e.g.
Andersen & Jamtveit 1990). In the simplest form,
such a model predicts transport of extensional
allochthons toward the foreland, that is, opposite
to what is generally observed in the North Atlantic
Caledonides (Fig. 1). Such a simple orogenic col-
lapse can admittedly result in top-to-hinterland
normal faults or detachments in zones of extrusion
or channel flow (Godin et al. 2006). Channel flow
was proposed to explain structural and isotopic
data in the Fjordland region by Hartz et al. (2001)
and has been suggested for the Himalaya orogen
(e.g. Law et al. 2006). However, this type of oro-
genic collapse-related flow is restricted to a
channel or wedge where the shear at its base is con-
stantly toward the foreland.

Kinematically such extrusion or channel flow
may have occurred during the building of the Cale-
donian orogenic belt, but at 400 Ma it is at odds with
the top-to-hinterland movement on the basal detach-
ment zone in South Norway. As correctly hinted by
Young et al. (2007), and illustrated in Roberts
(2003, fig. 7b), syn-contractional extension would
require the décollement zone (sole thrust) in
southern Norway to be underlain by a deeper basal
thrust with foreland-directed movement during the
extensional backsliding. Such a thrust would have
to extend to the foreland of the orogen, but detailed
surface mapping and studies of deep seismic lines
(Hurich & Kristoffersen 1988; Gabrielsen et al.
2009) in southern has so far failed to demonstrate
such a structure. Furthermore, two or more vertical

levels of simultaneously active (around 400 Ma)
extensional detachments, as described from the
Greenland Caledonides (Gilotti & McClelland
2008) are difficult to explain in terms of channel
flow. Finally, extensional shear zones or faults that
transect the thrusts and the base of the orogenic
wedge, as documented in Norway and also
described from Greenland, are inconsistent with an
extensive extrusion or channel flow model around
400 Ma. Thus, it is hard to see how the given kin-
ematic data and geometry of the extensional struc-
tures formed around 400 Ma and later could have
formed in a regime of plain convergence between
Greenland and Scandinavia.

Another remarkable characteristic revealed by
Figure 1 is the apparent concentration of extensional

Fig. 9. Extensional transport directions and distribution
of c. 403–380 Ma extension in the North Atlantic
Caledonides. Data from Fossen (1992), Kendrick et al.
(2004) and Gilotti & McClelland (2008).
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structures to the central and southern part of the
North Atlantic area (Fig. 9). In Greenland, exten-
sional detachments of Devonian age have not been
reported north of Bessel Fjord (see Fig. 5 for
location). In Norway, the northernmost well-
documented extensional detachment occurs in the
Lofoten area. A steep fault may run northward
from this area to Tromsø (Rykkelid & Andresen
1994), but this fault may be of younger age. Regard-
less, no Devonian extensional detachment structures
are reported from northernmost Norway. Hence, the
present data indicate that Devonian extension in
the form of significant extensional detachment
faulting is restricted to the central and southern
part of the North Atlantic region.

The 360–350 Ma ages of UHP metamorphism
reported from NE Greenland (Gilotti et al. 2004;
Lang & Gilotti 2007) appear to be incompatible

with a model involving a shift from contractional
orogeny to whole-sale extension around or shortly
before 400 Ma, or with any other model presented
for the termination of the Caledonian orogeny.
While it feels uncomfortable to completely rewrite
the Devonian history of the North Atlantic Caledo-
nides based on radiometric ages from a single
limited field area, we shall here accept Gilotti
et al.’s interpretation of these ages as representing
evidence of continental subduction at the end of
the Devonian and possibly into the Carboniferous.

Extension in the central and southern Greenland
Caledonides with simultaneous continental subduc-
tion in NE Greenland can, with some difficulties,
be explained by clockwise rotation of Greenland
relative to Scandinavia with a pivot point near the
northern part of the extensional area (Fig. 10). A
clockwise rotation of Laurentia has been suggested

Deepest in the S =>
buoyancy effect largest. 
Could it drive extension?

Middle to Late Devonian
?

Lower Devonian
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Fig. 10. Speculative model that seeks to reconcile regional extension in the southern part of the Caledonides with
contemporaneous subduction in the NE Greenland Caledonides.
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for the Devonian-Carboniferous Hercynian/
Variscan orogeny (Shelley & Bossiére 2000), and
a possible relationship between continent–conti-
nent collision in the Variscides and extension in
the Caledonides has already been pointed out (Rey
et al. 1997). It is possible that a push from the
south could cause divergence in the southern part
of the North Atlantic region with contraction per-
sisting in the north. This may well be associated
with strike-slip movements (e.g. Dewey & Strachan
2003) if a change from transpression to transtension
occurred in the south, but not (or much later) in the
north. The challenge is the significant amount of
contraction that is needed to form continental sub-
duction of continental crust to ultrahigh pressure
conditions. Clearly more structural as well as isoto-
pic data are needed from the NE Greenland Caledo-
nides to further explore this issue.

It may also be challenging to explain the simul-
taneous c. 405–400 Ma formation of eclogites in
Liverpool Land and the Western Gneiss Region.
Double-sided (symmetric) subduction in natural
collision zones can be modelled numerically, but
are uncommon or nonexistent in nature (Gerya
et al. 2008) and therefore not a satisfactory expla-
nation. However, drag of the edge of Laurentia
down the subduction zone cannot be precluded
(Fig. 11a). Another explanation may be that the
Liverpool Land eclogite-bearing gneisses represents
a portion of Baltica crust that remained attached
to Laurentia after the rifting and opening of the
Atlantic Ocean, as suggested by Augland et al.
(2009). Several mechanisms may be inferred, one
of which involves gravity-driven lateral (westward)

flow of crustal material in the lower part of the sub-
ducted edge of Baltica driven by gravity (Fig. 11b),
a model suggested and referred to as ‘upward
collapse’ by Milnes et al. (1997). Variations of
such models can be envisaged (Young et al. 2007;
Johnston et al. 2007a), but at this point the choice
of model relies on theoretical models rather than
hard geological data.

In summary, extensional deformation in the
Caledonides was long lived, with extensional
detachment faulting dating back to the Silurian in
the Greenland Caledonides. Extensional defor-
mation became much more widespread and perva-
sive shortly before 400 Ma, and the most
impressive extensional structures and associated
exhumation occurred in SW Norway, linked to
extensional systems in northern Britain and central
and North Norway through strike-slip dominated
shear zones. The exact change from orogenic con-
vergence to post-orogenic divergence seems to
occur shortly before 400 Ma in South Norway,
but more data are needed to confirm if this is repre-
sentative for the entire orogen, or if the change
is diachronous. In particular, more systematic
geochronological and geological investications of
critical areas in the relatively poorly explored north-
ern part of the orogen are needed to address this
question in more detail.

Thanks are due to B. Hacker and an anonymous reviewer,
and particularly to M. Krabbendam for valuable comments
and advice.

References

ANDERSEN, T. B. 1993. The role of extensional tectonics
in the Caledonides of South Norway: Discussion.
Journal of Structural Geology, 15, 1379–1380.

ANDERSEN, T. B. & JAMTVEIT, B. 1990. Uplift of deep
crust during orogenic extensional collapse: a model
based on field studies in the Sogn-Sunnfjord region
of western Norway. Tectonics, 9, 1097–1112.

ANDERSEN, T. B. & OSMUNDSEN, P. T. 1994. Deep
crustal fabrics and a model for the extensional collapse
of the southwest Norwegian Caledonides. Journal of
Structural Geology, 16, 1191–1203.

ANDERSEN, T. B., JAMTVEIT, B., DEWEY, J. F. &
SWENSSON, E. 1991. Subduction and eduction of con-
tinental crust: major mechanisms during continent–
continent collision and orogenic extensional collapse,
a model based on the Norwegian Caledonides. Terra
Nova, 3, 303–310.

ANDERSEN, T. B., OSMUNDSEN, P. T. & JOLIVET, L.
1995. Deep crustal fabrics and a model for extensional
collapse of the southwest Norwegian Caledonides.
Journal of Structural Geology, 16, 1191–1203.

ANDERSEN, T. B., BERRY, H. N., LUX, D. R. &
ANDRESEN, A. 1998. The tectonic significance of
pre-Scandian 40Ar/39Ar phengite cooling ages in the
Caledonides of western Norway. Journal of the
Geological Society, London, 155, 297–309.

e

e

e

e

e

e

eHP

(a)

(b)

Laurentia Baltica

Laurentia Baltica

UHP

Thermal
softening

Fig. 11. Two simple models for the formation of
eclogite in the Greenland Caledonides. (a) Dragging of
the Laurentian margin to eclogite-facies conditions.
(b) Westward subcrustal flow of heated Baltica crust.

EXTENSIONAL TECTONICS IN THE NORTH ATLANTIC CALEDONIDES 787



ANDRESEN, A., HARTZ, E. H. & VOLD, J. 1998. A late
orogenic extensional origin for the infracrustal gneiss
domes of the East Greenland Caledonides. Tectono-
physics, 285, 353–369.
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SHELLEY, D. & BOSSIÉRE, G. 2000. A new model for the
Hercynian Orogen of Gondwanan France and Iberia.
Journal of Structural Geology, 22, 757–776.

SIMPSON, C. & SCHMID, S. M. 1983. An evaluation
of criteria to deduce the sense of movement in
sheared rocks. Geological Society of America Bulletin,
94, 1281–1288.

SMITH, R. A. 1995. The Siluro-Devonian evolution of the
southern Midland Valley of Scotland. Geological
Magazine, 132, 503–513.

SMITH, S. A. F., STRACHAN, R. A. & HOLDSWORTH,
R. E. 2007. Microstructural evolution within a
partitioned midcrustal transpression zone, northeast
Greenland Caledonides. Tectonics, 26, doi: 10.1029/
2006TC001952.

SNYDER, D. B. 1990. The Moine Thrust in the BIRPS data
set. Journal of the Geological Society, London, 147,
81–86.

SOPER, N. J. & WOODCOCK, N. H. 2003. The lost Lower
Old Red Sandstone of England and Wales: a record of
post–Iapetan flexure or Early Devonian transtension?
Geological Magazine, 140, 627–647.

STELTENPOHL, M. G. & BARTLEY, J. M. 1988. Cross
folds and back folds in the Ofoten-Tysfjord area,
north Norway, and their significance for Caledonian
tectonics. Geological Society of America Bulletin,
100, 140–151.

STELTENPOHL, M., HAMES, W. E. & ANDRESEN, A.
2004. The Silurian to Permian history of a metamor-
phic core complex in Lofoten, northern Scandinavian
Caledonides. Tectonics, 23, TC1002, doi: 10.1029/
2003TC001522.

STELTENPOHL, M., HAMES, W., ANDRESEN, A. &
MARKL, G. 2003. New Caledonian eclogite province
in Norway and potential Laurentian (Taconic) and
Baltic links. Geology, 31, 985–988.

STRACHAN, R. A. 1994. Evidence in North–East Green-
land for Late Silurian – Early Devonian regional
extension during the Caledonian orogeny. Geology,
22, 913–916.

STRACHAN, R. A., HOLDSWORTH, R. E., FRIEDRICH-

SEN, J. D. & JEPSEN, H. F. 1992. Regional Caledonian
structure within an oblique convergence zone, Dron-
ning Louise Land, NE Greenland. Journal of the
Geological Society, London, 149, 359–371.

STRACHAN, R. A., MARTIN, M. W. & FRIDERICHSEN,
J. D. 2001. Evidence for contemporaneous yet
contrasting styles of granite magmatism during exten-
sional collapse of the northeast Greenland Caledo-
nides. Tectonics, 20, 458–473.

SWENSSON, E. & ANDERSEN, T. B. 1991. Contact
relationships between the Askvoll group and the

H. FOSSEN792



basement gneisses of the Western Gneiss Region
(WGR), Sunnfjord, Norway. Norsk Geologisk Tids-
skrift, 71, 15–27.

TERRY, M. P., ROBINSON, P. & KROGH RAVNA, E. J.
2000a. Kyanite eclogite thermobarometry and evid-
ence for thrusting of UHP over HP metamorphic
rocks, Nordøyane, Western Gneiss Region, Norway.
American Mineralogist, 85, 1637–1650.

TERRY, M. P., ROBINSON, P., HAMILTON, M. A. &
JERCINOVIC, M. J. 2000b. Monazite geochronology
of UHP and HP metamorphism, deformation, and
exhumation, Nordøyane, Western Gneiss Region,
Norway. American Mineralogist, 85, 1651–1664.
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Föreningen i Stockholm Förhandlingar, 10, 328–336.

TORSVIK, T. H., STURT, B. A., RAMSAY, D. M., BERING,
D. & FLUGE, P. R. 1988. Palaeomagnetism, magnetic
fabric and the structural style of the Hornelen Old Red
Sandstone, western Norway. Journal of the Geological
Society, London, 145, 412–430.

TORSVIK, T. H., STURT, B. A., RAMSAY, D. M., KISCH,
H. J. & BERING, D. 1986. The tectonic implications of
Solundian (Upper Devonian) magnetization of the
Devonian rocks of Kvamshesten, western Norway.
Earth and Planetary Science Letters, 80, 337–347.

TORSVIK, T. H., STURT, B. A., RAMSAY, D. M. & VETTI,
V. V. 1987. The tectonomagnetic signature of the Old
Red Sandstone and pre–Devonian strata in the Håste-
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Abstract: The post-Caledonian development of the West Orkney Basin is regularly cited as a
classic example of basement-influenced rifting. This paper presents the first detailed multidisci-
plinary analysis of the three-dimensional (3D) geometries and distribution of post-Caledonian
faults in onshore northernmost Scotland, examining their relationships to basement fabrics and
comparing them to rift-related structures developed offshore in the West Orkney Basin. Two
phases of rift-related faulting are distinguished: 1) Devonian ENE–WSW extension localized in
the east of the basin and related to regional sinistral transtension along the Great Glen Fault;
and 2) Permo-Triassic NW–SE extension focused to the west of the basin and probably contem-
poraneous with movements along the Minch Fault. A complex North Coast Transfer Zone is devel-
oped along the northern Scottish coast linking Mesozoic rifts that reactivated Caledonian structures
in the West Orkney Basin (Naver Thrust) to those bounding the North Minch Basin (Outer Heb-
rides Fault Zone). Polymodal faulting patterns are widespread in onshore exposures. Fault patterns
vary due to changes in the obliquity between regional rifting vectors and variably orientated pre-
existing structures in each basement terrane. The geometric complexity and spatial variations in
fault patterns onshore can be correlated with changes in basement structures, despite limited
direct reactivation of pre-existing fabrics.

The main legacy of the 1907 memoir lies in its docu-
mentation of the classic Caledonian Moine Thrust
Zone (Peach et al. 1907). Here it was recognized
that this structure had been displaced by younger
normal faults, which accounted for features such
as the fault-bounded outliers of the Moine Nappe
exposed on the Caledonian foreland at Faraid
Head and Durness (Fig. 1). It was therefore
evident that the Moine Nappe must have once
extended over the Caledonian foreland for at least
13 km west of the main outcrop of the Moine
Thrust – this represented one of the first examples
where the minimum displacement along a major
thrust was calculated using a down-faulted outlier.
Subsequently, however, relatively little attention
was paid to the complex array of post-Caledonian
brittle structures exposed onshore in northern Scot-
land until offshore deep seismic profiling revealed

the presence of major normal faults that were
interpreted to be reactivated Caledonian thrusts
(Brewer & Smythe 1984).

The reactivation of pre-existing faults and shear
zones is widely recognized and appears to be a
characteristic feature of crustal deformation in con-
tinental regions (e.g. Sibson 1985; Sutton & Watson
1986; Holdsworth et al. 1997, 2001). It is therefore
unsurprising that the reactivation of basement
fabrics is commonly invoked to explain the location,
architecture and evolution of sedimentary basins
and rift systems in passive margins worldwide
(e.g. Wilson 1966; Johnson & Dingwall 1981;
Bartholomew et al. 1993; Doré et al. 1997;
Clemson et al. 1997; Paton & Underhill 2004;
Withjack & Schlische 2005). This interpretation is
usually based on the observed parallelism that
exists in many regions between basin-bounding

From: LAW, R. D., BUTLER, R. W. H., HOLDSWORTH, R. E., KRABBENDAM, M. & STRACHAN, R. A. (eds) Continental
Tectonics and Mountain Building: The Legacy of Peach and Horne. Geological Society, London, Special Publications,
335, 795–826. DOI: 10.1144/SP335.32 0305-8719/10/$15.00 # The Geological Society of London 2010.



Fig. 1. (a) Gravity map of the North Atlantic (modified from Kimbell et al. 2005), highlighting basement structures and depocentres, NE–SW trending Caledonian basement
faults (GGF, Great Glen Fault; HBF, Highland Boundary Fault; MinF, Minch Fault; MTFZ, Møre-Trondelag Fault Zone; MTZ, Moine Thrust Zone; SUF, Southern Uplands Fault;
WBF, Walls Boundary Fault) and ESE-WNW trending lineaments segmenting the continental margin (ADL, Anton Dohrn Lineament; CL, Clair Lineament; FSB, Faroe-Shetland
Basin; JL, Judd Lineament; JML, Jan Mayen Lineament; MFL, Marflo Lineament; NERB, North East Rockall Basin; NRB, North Rona Basin; SHL, South Hatton Lineament; WOB,
West Orkney Basin; WSB, West Shetland Basin; WTL, Wyville-Thomson Lineament Complex). (b) Simplified geological map of Northern Scotland. Basement geology data
derived from published 1:250 000 solid geology maps of Sutherland, Caithness and Orkney, onshore lineaments picked from SPOT satellite images (this study) and top-basement
offshore faults adapted from Coward et al. (1989). (c) Enlargement of (b) highlighting onshore area of interest in this study. Onshore geology adapted from British Geological Survey
(1996, 1997, 2002). (LE, Loch Eriboll; ST, Sole Thrust; MT, Moine Thrust; BHT, Ben Hope Thrust; NT, Naver Thrust; SwT, Swordly Thrust). Offshore cross-section represents
interpretation of DRUM seismic line (after Stoker et al. 1993).
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faults imaged offshore using seismic reflection data
and regional structural trends in nearby onshore
basement rocks. For example, in the NE Atlantic
margin, there are two distinct structural trends: (1)
north–south to NE–SW; and (2) ESE–WNW to
SE–NW (Fig. 1a). These directions are strikingly
similar to regional structural trends in basement
exposures onshore (i.e. Caledonian and Proterozoic
structures, respectively; Doré et al. 1997; Kimbell
et al. 2005). There is also some compelling evidence
to suggest that basement influence can lead to the
development of complex structures, rift segmenta-
tion, and the development of transfer zones (e.g.
Daly et al. 1989; Morley et al. 1990, 2004; Nelson
et al. 1992; Ebinger et al. 1999; Wilson et al. 2006).

A widely cited example of basement reactivation
during rift basin development around the British
Isles occurs in the West Orkney Basin and the
adjacent north coastal region of Scotland (Fig. 1;
Brewer & Smythe 1984; Enfield & Coward 1987;
Laubach & Marshak 1987; Stein 1988; Coward
et al. 1989; Stein & Blundell 1990; Snyder 1990;
Snyder et al. 1997). This proposal is based largely
on geometric similarities in the orientation of
basin-bounding faults and basement fabrics. The
apparent lack of evidence for direct reactivation of
exposed basement structures has led some authors
(e.g. Roberts & Holdsworth 1999) to question the
validity of these models.

In order to clarify matters, we present here the
first detailed geometric and kinematic analysis of
post-Caledonian structures in the north coast
region of Scotland and the West Orkney Basin
using existing seismic data and new regional-
outcrop mapping. The main objectives were to
determine the brittle tectonic evolution of the
north coast region and assess the influence of
basement structures on later brittle fault patterns.
Offshore studies included a re-interpretation and
digitization of existing paper and digital seismic
datasets for the West Orkney Basin, in order to
test the validity of past interpretations (e.g. Enfield
& Coward 1987) and to identify areas of greatest
uncertainty in these models. Onshore, regional- to
outcrop-scale digital mapping (e.g. McCaffrey
et al. 2005) was used to construct a GIS (Geographic
Information System) database for post-Caledonian
structures. A streamlined digital mapping workflow
was developed from the initial data acquisition stage
to the final project output, and which enables inte-
gration of multiple datasets across a range of scales.

Regional-scale structures were mapped from two
main data sources: (1) digitization of published and
unpublished maps and data; and (2) new interpret-
ations of remote sensing imagery. Outcrop-scale
features and attributes were also recorded in a
digital GIS format for direct integration and corre-
lation with regionally mapped structures. Detailed

outcrop-scale studies of faulting patterns onshore
were carried out in the Lewisian-dominated Caledo-
nian foreland (Durness), in allochthonous Moine
rocks east of the Moine Thrust Zone (from the
Kyle of Tongue to Strathy Bay), and in small
outliers of sedimentary cover rocks of possible
Devonian and/or Permo-Triassic age (Kirtomy,
Coldbackie) (Fig. 1c).

Regional geological setting

The West Orkney Basin overlies two distinct base-
ment terranes. Onshore, these are separated by a
major Caledonian (mid-Silurian) thrust belt, the
Moine Thrust Zone (Figs 1b, c & 2a). To the west
lies the Caledonian foreland – part of the Hebridean
Terrane – dominated by Late Archaean to Palaeo-
proterozoic amphibolite-facies gneisses of the
Lewisian Complex (Park et al. 2002). In the Cape
Wrath-Durness region, the effects of Caledonian
deformation are largely absent and the rocks are
characterized by a well developed, steeply-dipping
WNW–ESE striking foliation of Palaeoproterozoic
(Laxfordian) age (Fig. 2b, c; British Geological
Survey 2002). Given the relatively shallow surface
dip of the Moine Thrust Zone, these autochthonous
Lewisian rocks likely extend beneath the Moine
Nappe, perhaps as far east as the Great Glen Fault
(Fig. 1a; Butler & Coward 1984). Greenschist-
to amphibolite-facies metasedimentary rocks of
the Neoproterozoic Moine Supergroup lie in the
hanging wall, and to the east of the Moine Thrust
Zone. The Moine Nappe – part of the Northern
Highland Terrane – was pervasively deformed by
Caledonian (Ordovician-Silurian) ductile thrusting
and folding at mid-crustal depths that led to inter-
leaving of the Moine rocks with underlying units
of Lewisian-like gneissose basement (e.g. Barr
et al. 1986; Holdsworth 1989; Kinny et al. 1999,
2003; Holdsworth et al. 2001; Kocks et al. 2006;
Friend et al. 2008). A number of ductile thrust
sheets can be defined, all of which carry a well
defined Caledonian foliation striking generally
NNE–SSW (Fig. 2b, c; British Geological Survey
1996, 1997, 2002). There are, however, some
regions where the trends differ due to the effects
of later ductile deformation events, such as the
NNW–SSE trend of the Torrisdale Steep Belt in
the coastal region between Torrisdale and Kirtomy
bays; (Fig. 2c; Burns 1994; Holdsworth et al.
2001). Onshore, the Moine rocks are overlain
unconformably by little deformed, red sedimentary
rocks of Devonian or Permo-Triassic age (Fig. 1c;
Trewin & Thirlwall 2002 and references therein).

Offshore, interpretations of deep crustal and
shallow commercial seismic reflection profiles
suggest that the West Orkney Basin consists of a

BASEMENT-INFLUENCED RIFTING AND BASIN DEVELOPMENT 797



Fig. 2. (a) Colour Landsat image of study area, Earthstar Geographics LLC via Multimap. The inset shows the
geological map from Figure 1c for reference. (b) Rose diagram map (5 km grid squares) and lineaments interpreted from
panchromatic SPOT images at 1:100 000 scale. Basement domains as follows: (1) Caledonian foreland (red), (2) Moine
Thrust Zone (dark blue), (3) moderately-dipping Moine Nappe (dark green), (4–5) steeply-dipping Moine Nappe
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series of half-graben sub-basins that formed due to
the reactivation of easterly-dipping Caledonian
thrusts, such as the Outer Hebrides, Moine, Naver,
and Swordly Thrusts (Figs 1c & 3; Brewer &
Smythe 1984; Coward & Enfield 1987; Coward
et al. 1989; Snyder 1990; Stoker et al. 1993). It
has been proposed that the basin formed initially
due to post-orogenic collapse of the Caledonian
mountain belt during the Devonian (McClay et al.
1986; Enfield & Coward 1987; Norton et al. 1987;
Coward et al. 1989; Seranne 1992). More recently,
others have related Devonian extension in northern
Scotland to regional sinistral transtension associated
with left-lateral displacements along the Great
Glen-Walls Boundary Fault system (Dewey & Stra-
chan 2003; Watts et al. 2007). A number of studies
have cast doubt on basement reactivation models in
the West Orkney Basin and along the Scottish north
coast (e.g. Roberts & Holdsworth 1999; Beacom
1999). These authors highlight the presence of
apparently thick Permo-Triassic infills in the off-
shore West Orkney Basin (e.g. Stoker et al. 1993;
Hitchen et al. 1995) – as opposed to the Devo-
nian-age sediments required by orogenic collapse
models. They also suggest that the onshore exten-
sions of offshore faults appear to cross-cut basement
structures at high angles in many areas (e.g.
Holdsworth et al. 2001).

In the following sections, we briefly review the
findings made from the deep seismic reflection
profiles located offshore and to the north of the
Scottish mainland by BIRPS (British Institutions
Reflection Profiling Syndicate). We then go on to
present a re-interpretation of the regional structure
of the West Orkney Basin using existing seismic
reflection data and integrate these findings with
new onshore observations of post-Caledonian
structures preserved along the north Scottish coast.

Offshore studies

Lithosphere-scale post-Caledonian extension

in Scotland

In both shallow commercial and deep seismic data-
sets, the upper crust (10–15 km depth) north of
Scotland is characterized by the development of a
series of half-graben basins with predominantly
Mesozoic sediments dipping to the west truncated
by east-dipping normal faults (Figs 1 & 3; see

Klemperer & Hobbs 1991). These faults sole out
into a zone of higher reflectivity in the lower crust
(15–30 km depth) (Fig. 3a; Snyder 1990; Snyder
& Hobbs 1999). In the region NE of the Outer Heb-
rides, a strong reflector dipping 308E and rooting
close to or possibly cutting the Moho is interpreted
to be the offshore continuation of the Outer Heb-
rides Fault Zone (Fig. 3b). Steeply-dipping exten-
sional faults bounding the northern Minch Basin
clearly detach into this low angle fault. It is therefore
assumed that the Minch basin developed by exten-
sional reactivation of a pre-existing thrust fault of
Caledonian or older age (Stein & Blundell 1990).
Inheritance is further implied by results from well
156/17-1 in the Minch Basin which revealed Trias-
sic strata lying directly upon Torridonian rocks, with
both basin-fill sequences seeming to be controlled
by the same fault (Fyfe et al. 1993). A similar scen-
ario is also apparent in the West Orkney Basin east
of the Naver Thrust where Devonian syn-rift strata
are overlain by Permo-Triassic syn-rift deposits
(Fig. 4; Stoker et al. 1993). Numerous seismic
reflection profiles suggest a close geometric simi-
larity between the Permo-Triassic basin-bounding
faults of the West Orkney and Faroe-Shetland
basins, with deeper reflectors developed within the
underlying crystalline basement (Stein & Blundell
1990; McBride et al. 1995; Snyder et al. 1997).
Inheritance of crustal structures is therefore
suggested here based on observations made at the
scale of tens of kilometres.

The discovery of enigmatic upper mantle struc-
tures (the W- and Flannan reflectors) beneath the
NW British Isles was completely unexpected and,
as a result, these features have become some of
the best-known and most-studied examples of
deep structures buried within the continental litho-
sphere. The Flannan reflector dips eastwards from
the Moho to a depth of 80 km at an angle of
c. 308, whilst the W-reflector is sub-horizontal, lying
10–20 km beneath the Moho and terminating
westwards against the Flannan reflector (Fig. 3).
Both reflectors have a strong impedance contrast
and are laterally coherent over tens of kilometres.
The age and tectonic significance of these reflectors
remains a subject of wide debate, due in part to the
absence of robust characterization of the upper
mantle velocity structure in this tectonically
complex area.

Interpretations advanced over the past two
decades for the dipping Flannan reflector range

Fig. 2. (Continued) (light green, light blue) and (6) Orcadian Basin (orange). Rose diagrams coloured according to
changes in dominant lineament trend (i.e. basement domains). Note similarity between lineament domains and changes
in basement geology. (c) Lineaments derived from aerial photograph analysis (picked at 1:10 000 scale), plus rose
diagrams for each area mapped. The blue line on the rose diagrams shows the mean trend of the basement foliation in
that area. The outer circle on rose diagram corresponds to 20% of data.
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from a fossillized subduction complex (Warner
et al. 1996; Morgan et al. 2000) to a large-scale
extensional shear zone (Reston 1988, 1990;
Snyder et al. 1997), with proposed ages of initiation
ranging from Proterozoic to Cenozoic (Snyder et al.
1997; Morgan et al. 2000; Knapp 2003). Warner

et al. (1996) and Morgan et al. (2000) argue that
these highly reflective layers are characterized
by considerably higher velocities (8.5 k ms21)
and densities (3.5 g cm23) compared to ‘normal’
mantle and that they likely represent fragments of
oceanic crust subducted and metamorphosed to

Fig. 3. (a) On the left, part of the depth-converted WINCH 1 and GRID 12 seismic sections from the BIRPS Atlas
is shown (Klemperer & Hobbs 1991). On the right is Drum Matthew’s cartoon of ‘a typical BIRP’ that evolved from
this and other BIRPS surveys. The seismic section shows the dipping Mesozoic sediments in the half-graben basin
bounded by the Outer Hebrides Fault. The Moho marks the base of the prominent zone of horizontal reflectivity in the
lower crust and, within the mantle, the eastward-dipping Flannan and W reflectors occur. The Flannan and
basin-bounding reflectors probably result from the same Mesozoic-age extensional strains being taken up in the mantle
and upper crust, respectively (Snyder et al. 1997). (b) Composite cartoon of lithospheric-scale deformation seen in
BIRPS profiles north of Scotland (modified from Snyder et al. 1997). The box highlights the location of the seismic
section shown in a). The inset to the right shows the correlation made by Snyder (1990) of thrusts seen onshore with
reflections seen offshore. Note that the reflectors in the main section are colour coded based on their likely age.
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eclogite facies. However, there is little direct surface
geological evidence for pre-Caledonian subduction
in NW Scotland consistent with the geometry of
the Flannan reflector. Consequently, Snyder &
Flack (1990) and Snyder et al. (1997) prefer an
extensional model for the Flannan reflector.
Gravity modelling studies suggest that footwall
uplift may have occurred associated with normal
movements along the Flannan reflector at Moho
depths, and suggest that this faulting was most
likely to have been associated with the formation
of the West Orkney Basin during Permo-Triassic
rifting (Snyder & Flack 1990). Gravity models
coincident with east–west BIRPS reflection profiles
across the West Orkney Basin provide the best evi-
dence that Mesozoic extension occurred within the
mantle. Reston (1990) used kinematic models to
link extension within the upper crust of the West
Orkney Basin to extension (along the Flannan reflec-
tor) within the mantle. Modelling of the coincident
gravity field suggests that normal sense offsets
occurred across this reflector implying that it is a
deep shear zone related to crustal extension that
began during the Permo-Triassic (Reston 1990;
Snyder & Flack 1990; McBride et al. 1995). More
recently, however, Knapp (2003) has suggested
that the Flannan reflector may represent the
downdip continuation of the Rockall Trough exten-
sional system of latest Cretaceous to earliest
Cenozoic age.

Snyder et al. (1997) have suggested that the
name ‘Flannan reflector’ should be restricted to
the east-dipping reflector observed down to 80 km
depths and located exclusively beneath the West
Orkney Basin. The W-reflector – which is older
based on cross-cutting relationships (Fig. 3b) –
appears to be much more areally significant as it
lies beneath all parts of the British Isles that were
once part of Laurentia (Snyder et al. 1997). A
failure to trace the W-reflector across the Great
Glen Fault implies that it is at least as old as the
Caledonian orogen and possibly older (McBride
et al. 1995; Snyder et al. 1997). The W-reflector
may therefore represent a fundamental part of the
Caledonian orogen, namely, part of its root zone.

A reappraisal of the structure and age of the

West Orkney Basin

In common with previous studies (e.g. Enfield &
Coward 1987; Coward et al. 1989), we have ident-
ified a number of major sedimentary sequences,
separated by unconformities, that are distributed in
large normal fault-bounded sub-basins, together
with a series of shallowly east-dipping low-angle
reflective packages within the basement units that
have been previously interpreted as the Caledonian
Moine and Naver nappes (Fig. 4a; Brewer & Smythe

1984; Snyder 1990). Snyder (1990) suggested that
the lowest level, most westerly package represented
the Moine Thrust whilst the upper (more reflective)
unit corresponded to the Naver Thrust (Figs 1c, 3b &
4a). These reflectors appear to be hard-linked to the
steeply-dipping extensional faults that bound half-
graben within the basin (Figs 3 & 4). The clearest
example occurs where the normal fault bounding
the major half graben in the centre of the basin
can be traced down into the upper basement reflector
unit [the Naver Thrust according to Snyder (1990)]
leading to the interpretation that on a regional scale,
some major Caledonian structures control the
location and geometry of younger rift-related
structures.

The infill of the basin appears to be markedly
different east and west of this apparently reactivated
basement thrust. To the east, a series of distinct
reflective packages bounded by three regional-scale
unconformities can be identified. Overlying base-
ment, an early pre-rift/syn-rift package (syn-rift I)
thickens into the half graben, and is overlain by a
post-rift package (post-rift I ) that thickens east-
wards, away from the fault. Locally the contact
between these units is conformable and marked by
onlap geometries. These older sequences are then
overlain by a second widespread syn-rift and post-
rift package (syn-rift/post-rift II ) (Fig. 4a). By
contrast, to the west of the reactivated thrust, only
one significant package is apparent, and corresponds
to the syn-rift II package in the east. No exploration
wells have drilled through the unconformities to
confirm their ages, but from the results of well
202/19-1 (for location see Fig. 4b; Hitchen et al.
1995) we know that the bulk of the sedimentary
rocks within the western part of the basin are of
Permo-Triassic age (Stoker et al. 1993). We there-
fore interpret the different sedimentary packages
as follows: immediately above top basement, a
thin discontinuous Lower Old Red Sandstone
(ORS) sequence is overstepped by Middle ORS
(corresponding to syn-rift I ). The Upper ORS (post-
rift I ) is bounded at its base and top by unconformi-
ties and is overlain by Permian and Triassic rocks
(syn-rift & post-rift II, respectively). This interpret-
ation corresponds closely to that proposed by Stoker
et al. (1993).

Our new 3D regional fault model shows that the
(correlated) NNE–SSW to NE–SW striking faults
are between c. 10 and 50 km long (Fig. 4b, c),
though the largest fault extends beyond the northern
limit of the seismic survey. Most faults dip towards
the southeast and have planar to slightly listric
cross-sectional geometries (note that our interpret-
ations have not been depth converted; Fig. 4a).
Maximum throws at the level of the three mapped
unconformities (top-basement, top Middle ORS
and base Permo-Triassic) range from 0.3 to 1.8 s
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Fig. 4. (a) Interpretive cross-section (and original seismic line, GRID 17) showing distribution of Devonian (lower, mid
and upper ORS) and Mesozoic (PT) strata across the West Orkney Basin. Note that the Upper ORS corresponds to
post-rift 1. (b) Map showing the extent of the 2D seismic data re-interpreted during this study. Fault polygons for
mappable regional faults also highlighted. Note that the location of the GRID 17 section shown in (a) is highlighted in
red and that the colour of faults also conform to those shown in (a). (c) Depth to top basement map showing apparent
north–south structural trends; reds are deep and blues are shallow. Note that the gridding outside area of data coverage
(outlined in black) should be ignored. (d) 3D structural model constructed in GoCADTM showing onshore and offshore
structures and basin fill horizons viewed at a regional scale. Onshore, the lineament data, onshore faults and colour
Landsat image are draped over a Digital Terrain Model (DTM). Offshore fault lineaments derived from 1:250 000 scale
geological maps produced by the British Geological Survey. Horizon data for top basement/lower and top Middle-ORS
and intra-Permo-Trias stratigraphic reflectors picked from BIRPS (GRID) seismic profiles. Also highlighted is the offset
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two-way travel time (twtt) and these faults cut both
top basement and the Permo-Triassic rocks.

The maximum offset of the top Middle ORS
unconformity is c. 1.8 s twtt (c. 5.4 km, assuming
a representative velocity of 6 km s for the Devonian
rocks) which exceeds the typical thickness of the
Middle ORS (c. 0.5 s twtt). The Upper ORS crops
out on the seabed over much of the eastern part of
the West Orkney Basin where the seismic data
suggest that it is cut by the faults. In marked con-
trast, the Permo-Triassic of the western part of the
basin has a maximum thickness of c. 3 s twtt
against the bounding faults, suggesting a minimum
thickness of c. 7 km (assuming a representative
velocity for the Permo-Triassic of 4.5 km21). Both
Devonian and Permo-Triassic rocks are eroded at
the seabed where they crop out and there is no indi-
cation of thermal subsidence phases preserved
(Brodie & White 1995). These simple observations
suggest that the majority of the extensional fault
movement observed in the West Orkney Basin
must have occurred during the Permo-Triassic and
later and not during the Devonian.

In addition to the major faults identified, the top
Middle and top Upper ORS unconformities are cut
by numerous small faults with both normal and
reverse senses of movement. These were correlated
using TrapTesterTM. The majority of these minor
faults are planar and this style of faulting is consist-
ent over the West Orkney Basin with typical displa-
cements of tens to hundreds of ms (c. 50 m to a few
100 m). Faults with smaller displacements are
almost certainly present offshore, but are below
the resolution of the seismic data. The broad line
spacing of the seismic profiles (Fig. 4b) means
that in general it is not possible to correlate minor
faults between profiles. The presence of both normal
and reverse displacements suggests that these minor
faults are most likely related to Devonian sedimen-
tation and later Devonian-Carboniferous inversion
events (Coward et al. 1989). Small normal faults
are also observed in the younger Permo-Triassic
sequences, but it is not generally possible to trace
these faults down into the Middle and Lower ORS
sequences due to the discontinuous nature of the
seismic reflectivity. For the same reason, it is not
possible to demonstrate reactivation of the minor
faults that cut the Old Red Sandstone sequences
during Permo-Triassic extension.

A depth to top basement map appears to reveal a
more north–south structural grain (Fig. 4c) com-
pared to the NNE–SSW- or NE–SW-striking

Permian faults. This may reflect the influence of
an underlying Caledonian basement fabric or the
influence of a pre-Mesozoic (Devonian or even
Proterozoic?) rift trend in the Laurentian crust of
Scotland (e.g. see Laubach & Diaz-Tushman 2009).

Onshore studies

Regional lineament analysis

A total of more than 2300 lineaments were picked
from SPOT Satellite images (10 m resolution),
together with 2800 from aerial photographs (25 cm
resolution), for the northernmost NW Highlands
and north coastal region (Fig. 2b, c, respectively).
Cross-referencing with published maps (British
Geological Survey 1996, 1997, 2002), and ground-
truthing during fieldwork, suggests that most
correspond to steep (dips .608) brittle faults and
fracture zones. The only significant exceptions
correspond to steep shear zones and Scourie
dykes hosted in Lewisian rocks located outside the
main study area along the north coast. The trends
of these regional fault-lineaments vary markedly
from west to east, with major changes appearing
to correlate with changes in basement terrane (e.g.
compare Figs 1b & 2b, c).

A spatial analysis of lineaments was carried out
in ArcGISTM. This included the construction of
lineament density maps and rose diagrams (con-
structed by counting total line length within a
moving 10 km search window for each 108 linea-
ment trend; Fig. 2b). By overlaying lineaments and
lineament density maps over geological and geophy-
sical datasets, the distribution of various trends could
then be correlated with variations in host rock lithol-
ogy and structure. Six distinct lineament domains
may be identified which closely coincide with
changes in basement terrane (Fig. 2b): (1) Caledo-
nian foreland; (2) Moine Thrust Zone; (3)
moderately-dipping Moine Nappe; (4–5) steeply-
dipping Moine Nappe; and (6) Orcadian Basin.

In the Lewisian-dominated Caledonian foreland,
two dominant fault-lineament orientations are
apparent: NE–SW, and ESE–WNW (Fig. 2b).
The length of lineaments varies from 160 m to
21 km (SPOT data only) with a mean length of
c. 1900 m. In the Caledonian thrust sheets to the
east of the Moine Thrust Zone, lineaments appear
more varied, with dominant NW–SE, NE–SW,
ENE–WSW trends and to a lesser extent
north–south and east–west directions (Fig. 2b).

Fig. 4. (Continued) between offshore and onshore location of the Naver Thrust (NT). Box shows location of (e).
(e) More detailed view of 3D structural model (constructed in GoCADTM) of the north coast of Sutherland, showing a
colour Landsat image, lineament data, and main Caledonian faults (e.g. Moine Thrust Zone) draped over a Digital
Terrain Model (DTM), viewed from the north–NW.

BASEMENT-INFLUENCED RIFTING AND BASIN DEVELOPMENT 803



Lineament lengths here vary from 280 m to 41 km
(mean length c. 3400 m; SPOT data). Similar vari-
ations in lineament patterns can be seen in linea-
ments derived from aerial photograph analysis,
with NE–SW and ESE–WNW trends predominat-
ing in the west, and more variable trends (though
dominated by NNW–SSE and ENE–WSW) to the
east (Fig. 2c).

Main faults and fault systems

NE–SW faults. The dominant fault set observed in
the Caledonian foreland onshore has a NE–SW
trend that is parallel to the main fault systems
mapped offshore (e.g. the Sango Bay-Dionard
Fault; Figs 4 & 5a, b; see also Laubach &
Diaz-Tushman 2009). Faults with this trend
become less frequent eastwards into the Moine
Nappe where only a few large, discrete faults are
identifiable (e.g. the Loch Loyal Fault; Fig. 5).
Unlike the major faults offshore, which all dip east-
wards, the dominant dip direction of these faults is
variable. In the Durness region, the main NE–SW
striking faults (Sango Bay and Smoo Faults) dip
westward (Fig. 6b–d), antithetic to the faults off-
shore. In contrast, the Loch Loyal Fault is steep to
sub-vertical and downthrows to the SE (Holdsworth
et al. 1999, 2001).

These faults appear to accommodate large
amounts of predominantly dip-slip extensional dis-
placement. For example, the Sango Bay-Dionard
Fault is estimated to have 1–2 km of vertical
offset in order for it to have down faulted the over-
riding Moine Nappe outlier to its current position in
Sango Bay (Fig. 6b–e; Laubach & Marshak 1987;
Holdsworth et al. 2006).

East–West to ESE–WNW faults. Many fault-
lineaments trend parallel to Lewisian basement
fabrics (i.e. ESE–WNW) in the Caledonian fore-
land, with some larger structures (e.g. the Faraid
Head Fault) cross-cutting the Moine Thrust Zone
and overlying Moine Nappe (Fig. 5). A higher
density of ESE–WNW trending lineaments
appears to lie south of Loch Inchard (Fig. 2b)
where the host rock is entirely Lewisian basement
(dominated by fabrics of the same trend). To the
north, the Lewisian basement is covered by sub-
horizontally bedded Torridonian sandstone, yet
ESE–WSW fault-lineaments still predominate. A
similar density and spacing of ESE–WNW linea-
ments to those cutting Torridonian sediments can
also be seen to the east in the Moine Nappe
(Figs 1b & 2b, c). The development of these faults
may reflect the reactivation of Laxfordian fabrics
within the Lewisian autochthon buried at depth.
Since the fault lineaments cut Caledonian fabrics,
it is likely that in the region of the north coast they

represent faults of late Caledonian age or younger.
The higher density of lineaments in areas where
the Lewisian basement rocks are exposed at the
surface may be due to older rocks preserving older
brittle faulting events (e.g. Beacom et al. 2001), or
could be a reflection of the lithologically-controlled
rheological differences between the rock units
hosting factures, or may simply result from the mis-
interpretation of basement fabrics as fault linea-
ments. Note, however, that the lineament patterns
recorded here seem consistent with outcrop-scale
fracture trends recorded in Cambrian quartzites
west of the Moine Thrust Zone (Laubach &
Diaz-Tushman 2009).

A distinct system of ESE-WNW trending faults
cuts the Moine Nappe along the north coast
(Figs 5 & 7a). This coast-parallel fault system can
be traced from the Kyle of Tongue and Eilean nan
Ron eastwards into Torrisdale Bay where it
appears to either terminate in the Torrisdale Steep
Belt, or to continue east of Bettyhill, along an
east–west trending valley located south of Arma-
dale (the inferred Bettyhill Fault; Figs 5 & 7a). A
system of secondary fault structures with NE–SW
and ESE–WNW trends appears to splay off the
Bettyhill Fault, and may represent an en echelon
array of faults due to east–west sinistral shear
along the master fault. This is consistent with
left-lateral and/or normal-sense offsets of basement
structures observed across both the east–west
master and associated NE–SW trending splay
faults (Fig. 7a inset). This system may be related
to a set of ESE–WNW trending lineaments
running through Skerray and offshore south of
Eilean Nan Ron (Fig. 5).

North–south and NW–SE faults. A further system
of NW–SE- to north–south-trending faults is appar-
ent within the Moine Nappe (Fig. 2b, c). Some limit
outliers of sedimentary rock of either Devonian or
Permo-Triassic age. In some cases, these faults are
demonstrably parallel to, and likely reactivate, base-
ment fabrics (e.g. the Kirtomy and Strathy faults;
Fig. 5), whereas other faults are oblique to more
shallowly-dipping basement fabrics, (Watch Hill
and Ben Hutig faults; Fig. 5) (Holdsworth et al.
2001). The north–south-trending basin-bounding
Strathy and Kirtomy faults are linked to smaller,
secondary arrays of NE–SW-trending, en echelon
faults, which may suggest a component of dextral
shear (e.g. Fig. 7c).

Detailed descriptions of selected localities

Well exposed examples of the main faults and their
associated second-order fracture systems are now
described from each of the basement terranes,
starting with the Lewisian-dominated Caledonian
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Fig. 5. The lower part of the figure is a summary map of the principal brittle structures of the north coast of Sutherland, showing main fault patterns. The upper part of the figure
shows equal area, lower hemisphere plots of poles to fault planes (contoured) and associated slickenlines (red dots) at key localities numbered on map. SB-DF, Sango Bay-
Dionard Fault; LLF, Loch Loyal Fault; BF, Bettyhill Fault; KF, Kirtomy Fault; BHF, Ben Hutig Fault; SF, Strathy Fault; WHF, Watch Hill Fault. On the map, red faults are
interpreted to have first formed during Devonian (ORS) times, whilst green faults are thought to have initiated during Permo-Triassic times. Note that the Devonian faults are often
reactivated during the latter event (green arrows).
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foreland and moving east through the Caledonian
Moine Nappe. A summary of the main onshore
fault sets and their principal geological character-
istics are shown in Table 1.

Faulting in the Caledonian foreland

At Durness and Cape Wrath, the two dominant fault
trends are NE–SW and ESE–WNW (Table 1,
Figs 2b, c, 5 & 6). Both fault systems consistently
cross-cut Caledonian thrusts and associated fabrics
(Holdsworth et al. 2007). All exposed fault zones
are characterized by red-orange haematite staining,
brecciation, the localized development of incohe-
sive gouge along larger slip surfaces and calcite
mineralization (cements, veining) (Fig. 8a, b).
Major scarps are located along the Sango Bay-
Dionard, Faraid Head and Port Odhar faults
(Fig. 5). East of the Kyle of Durness these, and
associated extensional faults, have down-thrown
rocks of the overlying Moine Nappe and underlying
thrust zone to form the Durness and Faraid Head
outliers (Fig. 6a–e). West of the Kyle of Durness,
ESE–WNW structures such as the Port Odhar and
Kearvaig faults are dominant, downthrowing units
of Cambro-Ordovician or Torridonian cover against
units of Lewisian basement gneiss. The largest
offset occurs along the Port Odhar Fault which
juxtaposes Durness Limestone in its hanging wall
to the north against a footwall of Lewisian gneiss
to the south. This fault likely represents the westerly
continuation of the Faraid Head Fault and at Geodha
Sligeach (NC 3496 7152) forms a 30 m-wide zone
of breccia and gouge that cross-cuts both the
bedding and the gneissose foliation in, respectively,
the hanging wall Durness Limestone and footwall
Lewisian gneiss (Beacom 1999).

Cross-cutting relationships between the two
dominant fault sets in the Caledonian foreland
appear to vary from Durness to Cape Wrath. In the
Durness area, NE–SW faults are dominant (e.g.
Sango Bay and Smoo faults), with ESE–WNW
faults appearing to terminate against them, while
in the Cape Wrath area it is the ESE–WNW set

that predominate (Cape Wrath and Port Odhar
faults; Fig. 5). Fault kinematic analysis also
reveals a complex history of multiple fault move-
ments and/or fault interactions, as both dip-slip
and strike-slip slickenlines are preserved on many
exposed fault surfaces in both areas (e.g. Fig. 8c).

NE–SW faults cutting Lewisian basement (e.g.
at Loch Uarahd Dhadhaidh and Sangobeg, Fig. 5)
show dextral strike-slip/oblique-slip slickenlines,
post-dated by dip-slip slickenlines. SE–NW to
ESE–WNW faults show a strike-slip post-dated
by dip-slip relationship. NE–SW faults that cut
Moine and Lewisian basement rocks reworked
during Caledonian thrusting (i.e. basement rocks
with shallowly ESE-dipping fabrics) in the Faraid
Head and Sango Bay inliers show dominantly
dip-slip extension, whereas ESE–WNW faults have
both dip-slip and sinistral strike-slip slickenlines
(Fig. 8d). Faults and fractures cutting Cambrian
quartzites of the Eriboll Sandstone Formation gen-
erally trend NE–SW, and show dip-slip extensional
movements, whereas those cutting the Cambrian-
Ordovician Durness Limestone (e.g. at Smoo
Cave) trend NE–SW and ESE–WNW, but do not
preserve clear kinematic indicators (see also
Beacom 1999). Overall, the observed mutual cross-
cutting relationships suggest that these two fault
systems were likely active during the same regional
faulting episode.

Several major extensional fault scarps are
spatially associated with the local preservation of
distinct red breccias. The best examples are found
south of Geodha Brat (Figs 6c & 8e; NC 4045
6852, Faraid Head Fault), near Port Odhar (NC
3545 7130, Port Odhar Fault) and in the immediate
footwall of the Sango Bay Fault (NC 4100 6741).
The breccias typically consist of poorly sorted
angular clasts of Durness Limestone, Torridonian
and Cambrian sandstones, together with angular to
sub-rounded clasts of mylonitized or unmylonitized
Lewisian(oid) gneiss and Moine psammite (Fig. 8f).
The clasts are supported in a Fe-oxide rich matrix of
calcite and clastic quartz grains. The local preser-
vation of bedding and presence of ‘exotic’

Fig. 6. (a) Aerial photograph of Cape Wrath and Durness with main faults identified. Solid line indicates line of
cross-section shown in (b). Numbers refer to localities discussed in text: (1) Port Odhar, (2) Faraid Head, (3) Sango Bay,
(4) Smoo Cave; (5) Sangobeg, and (6) Loch Uamd Dhadaid. The location of (c) and fault shown in Figure 8a are
also indicated. Ticks/squares also indicate the downthrown blocks across normal faults in this and other parts of
Figure 6. (b) Simplified cross-section through Durness and Loch Eriboll outlining the relationship between faulting
and the thrust emplacement of the Durness and Faraid Head outliers (from Holdsworth et al. 2006). Key as in (c). Note
that only the location of the western end of this section is indicated in a). (c) Geological map of the fault-controlled
Sango Bay and (part of the) Faraid Head outliers [see (a) for location]. The location of the fault shown in Figure 8b,
the detailed map in (d) and the viewpoint in (e) are also shown. (d) High resolution aerial photograph outlining area of
detailed fault mapping in Sango Bay. Note the obliquity of smaller (NE–SW striking) faults relative to major
(NNE–SSW striking) normal faults which may reflect a component of dextral-oblique shear (inset). (e) View across the
Sango Bay and Faraid Head outliers from the ESE; see (c) for viewpoint location. Note that the location of images
shown in Figures 8b–f are also indicated.
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lithoclasts of rocks not directly juxtaposed across
the fault suggests that the breccias are likely to be
sedimentary infills of open, near-surface fractures.
The clastic sediment is derived presumably from
an overlying cover sequence of red-beds deposited
on the periphery of the West Orkney Basin that
have subsequently been eroded. There are also
fault-hosted areas of breccia, clearly derived from
mechanical crushing that are typically preserved
intact in the lower regions of exposed fault scarps
(Fig. 8e). These tectonic breccias also occur as
clasts within the sedimentary breccia infills
(Fig. 8f). The breccias are veined by calcite and
cut by younger fractures showing dip-slip
slickenfibres.

Faults and sedimentary outliers of

the Moine Nappe

Post-Caledonian fault patterns east of the Moine
Thrust are less systematic than those to the west.
At least four separate fault systems may be ident-
ified, based on trend, kinematics, and cross-cutting
field relationships (Figs 2b, c & 5). These include
the NE–SW and ESE–WNW sets mapped further
west, plus a set of NNW–SSE faults (including
the Ben Hutig, Watch Hill and Kirtomy faults)
and a system of ENE–WSW and east–west faults
(e.g. Bettyhill Fault; Fig. 5). The WSW-dipping
Ben Hutig Fault contains an incohesive red-brown
gouge and a wider reddened, brecciated deforma-
tion zone, but no shear-sense indicators are
preserved. However, an extensional (WSW-side
down) movement sense is preferred based on the
observed offsets of basement units (Holdsworth
1989; Holdsworth et al. 2001). The NE–SW strik-
ing, steeply-dipping Loch Loyal Fault cuts the late
Caledonian Loch Loyal Syenite Complex. Textural
differences between components of the complex are
consistent with southeast-side-down displacement
on the Loch Loyal Fault (Holdsworth et al. 1999).
The only exposure of the fault is as a 150 m-wide
zone of reddened cataclastic breccias and gouge
on the NE shore of Loch Loyal (NC 623 508).
Here, the most prominent fault – which is likely
antithetic to the SE-downthrown master fault –
dips steeply to the NW, and has a 5 m-wide zone

of reddened breccia and a 0.5 m-wide core of car-
bonate cementation. Fracture surfaces within the
fault zone exhibit obliquely-orientated, westerly-
plunging slickensides, suggesting that the Loch
Loyal Fault may have an oblique component of
displacement.

With the exception of the examples discussed
above, most faults are poorly exposed in inland
areas and have to be inferred from topographic fea-
tures (i.e. lineaments) and offsets in basement struc-
tures. As a result, detailed kinematic studies have
focused primarily on well exposed coastal localities.
Four key localities were chosen in this study (from
west to east): 1) Coldbackie – Watch Hill; 2)
Skerray; 3) Bettyhill – Glaisgeo; and 4) Kirtomy
Bay (Fig. 5).

Outliers of sedimentary rocks, bounded by
NNW–SSE to north–south faults, crop out east of
the Kyle of Tongue (Figs 1c, 5, 7a, c, d & 9a).
The Watch Hill (Cnoc an Fhreiceadhain) outlier
is the best exposed in the Coldbackie area and con-
tains the thickest sedimentary sequence (c. 320 m)
of sandstones and conglomerates (Fig. 9b). The
outlier comprises two distinct sequences of breccio-
conglomerate separated by an intervening package
of sandstones (Blackbourn 1981a, b; Holdsworth
et al. 2001). The upper breccio-conglomerate
sequence contains numerous well-rounded syenite
pebbles believed to be sourced from the Ben
Stumanadh intrusion of the Loch Loyal Syenite
Complex, located 9 km to the south (Fig. 9a;
Holdsworth et al. 2001). The Watch Hill outlier is
typically viewed as a sediment-filled half graben
bound by a steeply dipping NNW–SSE-striking
fault (Watch Hill Fault, Fig. 5; see Blackbourn
1981a, b; Holdsworth et al. 2001 and references
therein). However, new detailed aerial photograph
analyses and field observations presented here
indicate that the bounding structure is formed by
an older north–south- to NNW–SSE-trending fault
set which is cross-cut and offset by a system of
ESE–WNW faults (Fig. 7b).

The older north–south striking fault plane is
exposed about half way up Watch Hill (Figs 9 &
10a). No fault slip indicators are preserved as the
surface is covered by a thick layer of well cemented,
clast-supported breccia (Fig. 10a). This rock is

Fig. 7. (a) Aerial photograph highlighting main fault trends cutting the Moine Nappe basement terrane along the north
coast between the Kyle of Tongue and Strathy Bay, with line drawing interpretation of main faults associated with
Bettyhill Fault (inset) (NT, Naver Thrust; SwT, Swordly Thrust; C, Coldbackie; EnR, Eilean nan Ron; Sk, Skerray;
B, Bettyhill; K, Kirtomy; A, Armadale; S, Strathy). Boxes show locations of (b) and (c). (b) Detailed aerial photograph
of the Watch Hill outlier at Coldbackie [see (a) for location] showing main interpreted fault traces. Location of
viewpoint for (d) also shown. (c) Detailed aerial photograph of Kirtomy Bay [see (a) for location], highlighting the
main faults mapped. Inset cartoon outlines the synclinal geometry of the basin (also see Fig. 11a, e). Location of
viewpoint for (e) also shown. (d) View of Coldbackie-Watch Hill outlier, looking north from west slope of Cnoc na
Fhreiceadain. (e) View into Kirtomy Bay of basin-bounding fault, looking north, showing conglomerate outlier,
basement-parallel faults and associated orthogonal faults.
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Table 1. Summary of onshore fault systems

Basement terrane Fault set Kinematics Fault characteristics Interpreted age Examples

Caledonian Foreland NE–SW Normal & strike-slip
(dextral)

Red sedimentary
breccia infill,
Cataclasis & fault
gouge

Permo-Triassic † Sango Bay Fault
(Durness)

ESE–WNW Normal & strike-slip
(sinistral)

Red sedimentary
breccia infill

Red fault gouge

Permo-Triassic † Faraid Head & Cape
Wrath Faults

Moine Nappe NNW–SSE (from NW–SE
to north–south)

Normal (& dextral
oblique-/strike-slip)

Bounding sedimentary
outliers. Pre-dates
syenite-bearing
sediment deposition
at Coldbackie

Extension pre-dates
strike-slip movements

Locally reactivates
basement fabrics

Devonian (reactivated
in Permo-Triassic)

† Ben Hutig Fault
† Watch Hill Fault
† Kirtomy Fault
† Strathy Point Fault

NE–SW Normal Reddened cataclasite
breccias (and gouge
on LLF), calcite
veining (Glaisgo)

Permo-Triassic † Loch Loyal Fault
† Glaisgeo exposures

ENE–WSW to east–west Normal & sinistral
oblique-slip

Calcite veining &
crystal growth
(Kirtomy)

Permo-Triassic † Intrabasin Faults at
Kirtomy

† Betty Hill Fault

ESE–WNW Normal (observed) &
sinistral-oblique slip
(inferred)

Inferred near-shore fault
zone, cross-cuts
Watch Hill Fault and
cover sediments on
Eilean nan Ron

Permo-Triassic (or
younger?)

† Skerray Fault
† Eilean nan Ron
† Coldbackie

beach exposures
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Fig. 8. Views and detailed images of structures developed in the Durness area, linked to localities shown in Figure 6. (a)
North–south-trending normal fault zone cutting steeply-dipping Lewisian gneiss. Inset shows dip-slip and oblique-slip
slickenlines exposed on fault surface. See Figure 6a for location. (b) North–south-trending normal fault zone cutting
low-angle foliation in intensely deformed Moine psammites on Faraid Head. See Figure 6c for location. (c) Dip-slip and
strike-slip slickenlines exposed on fault surface cutting Lewisianoid rocks from the Moine Nappe in Sango Bay. For
location see Figure 6e. (d) View of exposure of same ESE-trending fault plane shown in (c) preserving sinistral
strike-slip slickenlines developed in gouge freshly exposed following construction of new footpath. For location see
Figure 6e. (e) View of ESE–WNW trending fault scarp on south side of Geodha Brat (Faraid Head Fault) bordering the
Faraid Head inlier, also showing infill breccia at top passing into possible fault breccia lower down. DL, Durness
limestone. Location of (f) indicated by box. See Figure 6e for location. (f ) Sedimentary breccia infill along extensional
fault scarp, including an included clast of a tectonic breccia resulting from syn-depositional deformation.
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Fig. 9. (a) Geological map of the red bed outliers located between the Kyle of Tongue and Ben Loyal showing the
associated normal fault sets and Loch Loyal Syenite Complex (after Holdsworth et al. 2001). The location of Figure 7b
is also shown by the box. (b) Schematic composite log through the red bed succession in the Watch Hill outlier (after
Holdsworth et al. 2001). Note that in this paper, it is proposed that the upper, syenite-bearing conglomerate is
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solely derived from local basement materials
(Moine psammite and Lewisianoid gneiss) and
superficially resembles a fault breccia. However, it
lacks any significant faults, fractures, or striated
surfaces that might indicate active shearing. We
therefore suggest that it represents a palaeo-scree
slope developed along a pre-existing, inactive
fault scarp.

A system of ESE–WNW faults, dipping both
north and south, offset the north–south fault seg-
ments with a normal or left-lateral sense of displace-
ment (Figs 7b & 9a). Preserved slip-striae on these
faults show dominantly dip-slip extension (Fig. 5),
although a small number of strike-slip slickenlines
were also observed. However, since map-scale
offsets are systematically the same sense on both
north- and south-dipping faults, this suggests that
a significant component of oblique slip on these
faults is likely (Fig. 7b), since purely dip-slip
normal faults should result in opposing senses
of movement.

ESE–WNW- and NW–SE-striking faults and
fractures can also be seen in outcrop cutting base-
ment fabrics at high angles along Coldbackie
beach (i.e. foliation dips at c. 308 while faults dip
at .608; Figs 5, 9a & 10d). These faults appear to
form small half-graben structures infilled by sub-
horizontal conglomerates of the upper syenite-
bearing unit (Fig. 10b, c). These conglomerates
show virtually no sign of fault-associated defor-
mation and are therefore interpreted to have been
deposited after fault movements were complete.

Further north and east at Skerray, a prominent
system of ENE–WSW- to ESE–WNW-trending
faults (sub-parallel to the coastline) is exposed
(Fig. 7a). These faults clearly cut basement struc-
tures (e.g. Naver Thrust) at high angles. Although
easy to distinguish in aerial photographs, few good
fault exposures preserving kinematic indicators
occur along the coast. Those that were observed
indicate normal-sinistral-oblique and sinistral
strike-slip movements (Fig. 5). Notably, these
faults also appear to cut the sedimentary cover
sequences exposed on the island of Eilean Nan
Ron just offshore (Fig. 9c; also known as the Roan
Islands) suggesting they are likely to be younger
than these units. Furthermore, as Eilean Nan Ron
is comprised solely of sedimentary cover sequences,
the top basement unconformity lies below sea-level
and significantly deeper (perhaps by hundreds of

metres?) compared to the mainland region immedi-
ately onshore. This suggests that the mainland coast-
line marks a major offset in basement topography,
and may be a fault-controlled feature. The sedimen-
tary rocks on the islands dip shallowly (,258) to the
north and are gently folded into a shallowly north-
plunging syncline (Fig. 9c; Holdsworth et al.
2001). It should also be noted that the fault patterns
on Eilean Nan Ron are strikingly similar to those
seen further west in Durness and Cape Wrath (i.e.
ESE–WNW and NNE–SSW to NE–SW; Figs 6a
& 9c), and thus further ESE–WNW-trending
normal faults (i.e. akin to the Port Odhar Fault)
may also be present here and be traceable eastwards
into Torrisdale Bay (Fig. 7a).

East of Torrisdale Bay (and the Torrisdale Steep
Belt), fault trends become more east–west, through
Bettyhill, before branching again into ENE–WSW
and ESE–WNW trends. No good exposures of
fault surfaces can be found along this system of
inland fault-lineaments, but they do offset the
steeply (east)-dipping Swordly Thrust by .500 m
in a left-lateral sense (Fig. 7a), therefore implying
a sinistral/normal sense of slip, similar to faults
observed farther west. A system of NE–SW trend-
ing faults appears both to splay off from and also
locally truncate this c. east–west-trending fault
system. In areas of good coastal exposures fault
patterns cutting the NW–SE-striking sub-vertical
basement orthogneisses in Farr Bay and Glaisgeo
(Fig. 10e–f) appear scale-dependent. At the dm-
scale, NE–SW trending faults predominate and are
traceable in aerial photographs and in the field
(Fig. 10e). These faults exhibit normal dip-slip and,
to a lesser extent, sinistral strike-slip movements.
The scale of these faults appears to be in the order
of tens to hundreds of metres in length. At the cm-
to m-scale, a second system of faults and fractures
is apparent (Fig. 10f). These second order faults
have two dominant trends, NNE–SSW and ENE–
WSW. They appear to be a conjugate set exhibiting
dextral and sinistral movements, respectively, which
accommodate subhorizontal NW–SW extension
and NE–SW compression. A set of NE–SW trend-
ing quartz-filled tensile fractures bisect these faults.
Overall, both major and minor faults at Glaisgeo are
therefore indicative of NW–SE extension in a direc-
tion sub-parallel to the basement fabric in this area.

Further east, another outlier of sedimentary
rocks crops out at Kirtomy, and is underlain by

Fig. 9. (Continued) Permo-Triassic, whilst the lower conglomerates and sandstones are Devonian (ORS); note the map
distribution of these units in (a). (c) Air photo of Eilean nan Ron showing the geology of the red bed outlier on these
islands and palaeocurrent data (based in part on Holdsworth et al. 2001, fig. 29). Note the fault traces (shown in red) and
the gentle synclinal form of the bedding. (d) A highly simplified palaeocurrent and palaeogeographical interpretation of
the Permo-Triassic in the Kyle of Tongue-southernmost West Orkney Basin area (modified from the Devonian
interpretation of Holdsworth et al. 2001).
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Fig. 10. Views and detailed images of structures in the Coldbackie area (a–d) and at Glaisgeo (e–f). (a) Sedimentary
breccia on a north–south-trending section of the Watch Hill Fault [NC 609 594] marking the western border of the
sedimentary outlier. The breccia is solely derived from local basement materials (Moine psammite and Lewisianoid
gneiss) and is interpreted as a palaeo-scree slope developed along a pre-existing, inactive fault scarp. (b) Sub-horizontal
syenite-bearing conglomerate units exposed in the steep northwest-facing cliffs of Watch Hill [NC 609 594], showing
little evidence of deformation. (c) NW–SE trending half-graben, at Coldbackie beach [NC 608 602], filled with near
horizontal conglomerate strata (late syn- or post-tectonic?). (d) NW–SE trending normal faults cutting basement rocks
also at Coldbackie beach. (e) Major NE–SW trending normal faults at Glaisgeo [NC 714 636], with detailed line
drawing interpretation to right. (f ) Plan view of secondary faults and fractures cutting bands of augen granite and
mylonitic basement at Glaisgeo (compass clinometer for scale). Line drawing to right shows a simplified plot of fracture
trends. Conjugate faults and tensile fractures are consistent with NW–SE tension and NE–SW shortening in plan view.
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steeply-dipping Moine gneisses (Figs 6 & 7c, e).
This is the best exposed of the outliers along the
north coast with almost 100% cross sectional
exposure across the bay (Fig. 11a). Similar to the
outliers near Tongue, the overall geometry is inter-
preted as a sedimentary half-graben bound by a
NNW–SSE-trending (steeply east-dipping) fault
(Figs 7c & 11a; Coward et al. 1989; Johnstone &
Mykura 1989). The fabric of the underlying base-
ment is dominated by NNW–SSE trending sub-
vertical mylonites and blastomylonites with small
brittle faults and cataclastic shear bands reactivating
these ductile fabrics. The main basin-bounding fault
appears to vary along strike, from north–south
(cross-cutting basement fabrics) to NNW–SSE
(parallel to and reactivating basement fabrics).
Exposures of breccio-conglomerate occur directly

adjacent to the basin-bounding fault and uncon-
formably overlie basement rocks (Fig. 11b). Clasts
within the breccio-conglomerate vary in size from
.2 m to 2–3 cm, and range from well rounded
to sub-angular. In contrast to those observed at
Coldbackie, these conglomerates are cut by many
brittle faults and fractures (e.g. Fig. 11b–g). A
series of ENE–WSW faults also cut basement and
cover sequences, and some examples cross-cut the
basin-bounding fault (Fig. 7c). Enfield & Coward
(1987) observed that these WSW–ENE-orientated
faults bound a small, conglomerate-filled, graben
at the base of the sedimentary succession located
in the immediate hanging wall of the basin-
bounding fault (Fig 7c). Initially, they interpreted
these as tear faults formed to accommodate different
amounts of displacement along the master fault.

Fig. 11. Views and detailed images of structures in Kirtomy Bay [NC 747 643]. (a) Panoramic view of the Kirtomy Bay
micro-basin looking southwest. Locations of (b–d) and (f–g) are shown – see also cartoon in Figure 7c. (b) Highly
fractured conglomerate units adjacent to bounding fault. The dextral strike-slip fault zone trends parallel to the bounding
fault; note similarity to a classical strike-slip ‘flower’ structure. (c, d) Dip-slip normal offsets in faults cutting
conglomerate, trending north–south and ENE–WSW respectively. (e) View looking east across the micro-basin
showing gradual change in strike of sedimentary strata and locations of (f) and (g). (f ) 2 cm thick zone of euhedral
calcite crystals overprinted by oblique-slip (sinistral) normal slickenlines on an ENE–WSW trending fault plane.
(g) Dextral oblique-slip slickenfibre growth on fault plane orthogonal to fault plane shown in (f). Inset stereoplot shows
that both faults are consistent with a regional NW–SW extension vector.
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Coward et al. (1989) later modified this interpret-
ation, suggesting they formed due to the bounding
fault accommodating dextral oblique displacements
consistent with the kinematic indicators observed on
faults cutting cover sequences within the basin.
These authors still assumed, however, that all fault-
ing observed within the basin developed during a
single phase of tectonism (see below).

Cutting the conglomerates adjacent to the basin-
bounding fault is a complex system of faults and
fractures dominated by a sub-vertical NNW–SSE-
trending fault (Fig. 5). Offsets on a sandstone
layer within the conglomerate package suggest a
reverse sense of movement, but the overall geome-
try of the fault complex resembles that of a positive
flower structure. Kinematic indicators on associated
faults and fractures suggest a dextral-oblique/
strike-slip sense of movement (Figs 7c & 11b).
Coward et al. (1989) also described this dextral
strike-slip fault complex and inferred that the
overall basin formed by dextral (transtensional)
reactivation of basement fabrics during regional
NW–SE extension within the West Orkney Basin.

Faults hosted by intra-basin sandstones, away
from the basin margin, strike NE–SW to ENE–
WSW and show normal sinistral-oblique-slip
movements, with a small number of associated
NNW–SSE secondary faults showing dextral
oblique-slip (Figs 5 & 11e). Both fault sets are
associated with calcite mineralization and slicken-
fibre growth (Fig. 11f, g), that are also consistent
with regional NW–SE extension. However, as
these faults all cut well lithified sediments, this
suggests that there must have been significant time
and burial for this to occur prior to faulting, as
does the presence of calcite mineralization. It is
therefore uncertain whether the kinematic indicators
observed on these faults are indicative of the
syn-rift kinematics associated with basin formation
(Coward et al. 1989), or a later event. No kinematic
indicators could be identified on the main bounding
fault. However, it bounds a significant sedimentary
depocentre, so we can probably assume that a sig-
nificant component of dip-slip normal movement
has occurred.

East of Kirtomy Bay, two very poorly exposed
outliers of sedimentary rocks occur near Polouris-
caig (NC 75 65 and NC76 65). The westernmost
appears to have little fault control and may reflect
a palaeo-topographic infill. The more easterly
outlier, at Polouriscaig, is bounded to the west by
a sub-vertical fault that strikes NNW–SSE, parallel
to the underlying basement fabric (Coward et al.
1989). In contrast to Kirtomy, the sedimentary rocks
here show little evidence for later faulting and seem
to passively infill a faulted palaeotopography.

The easternmost of the outliers of sedimentary
rock along the north coast is located at Strathy

Point (Fig. 5). The headland here lies in the footwall
of a pronounced north–south-trending fault scarp
bounding the Strathy Bay outlier. The bounding
fault is not exposed and neither is the sedimentary
cover sequence adjacent to the western margin of
the basin. It is therefore not possible to discern the
true nature of the basin-bounding fault. A system
of NE–SW-trending faults cut the basement rocks
in the footwall adjacent to the bounding fault.
Kinematic indicators on these faults are not well-
defined, although some potential dip-slip slicken-
lines can be observed, suggesting a normal com-
ponent of movement oblique to the main bounding
fault. This may suggest dextral oblique shear
along the basin-bounding fault, but again, as at
Kirtomy, these faults could also reflect a later event.

Discussion

Ages of sedimentary rocks and associated

structures

Offshore. Enfield & Coward (1987) suggested that
the Permo-Triassic sediments at, or near, the sea
bed only form a thin veneer capping a predomi-
nantly Old Red Sandstone (ORS) basin fill
succession. In contrast, Kirton & Hitchen (1987)
proposed that in the deepest parts of the basin (i.e.
adjacent to the bounding faults), up to 8000 m of
syn-rift Permo-Triassic strata may be preserved.
The deepest well drilled in the basin (202/19-1)
favours this latter scenario, showing a 2931 m-thick
sequence of Permo-Triassic New Red Sandstones
and evaporites (Stoker et al. 1993) with no evidence
for any Devonian strata being present. However,
since the well did not reach top basement, this
cannot preclude the presence of Devonian sedimen-
tary rocks in the deepest parts of the basin.

From our offshore studies, we identify two dis-
tinct phases of rifting and basin infill. In the
eastern part of the West Orkney Basin, three distinct
sediment packages appear to represent two phases
of syn-rift growth strata separated by a post-rift
(sag/thermal subsidence) phase that thickens
eastwards (Fig. 4a). The early syn-rift and post-rift
units are only present in the east of the basin
and appear correlatable with Devonian sediments
of the Orcadian basin, which crop out onshore in
Orkney and Caithness. The westward extent of
these Devonian syn-rift I/post-rift I strata appears
to be controlled by a major intra-basin fault that
detaches into a shallowly-dipping package of reflec-
tors thought to correspond to the Naver Thrust
(Snyder 1990). We suggest that this represents the
westerly basin-bounding fault of the early Orcadian
basin and that reactivation of some Caledonian
thrusts may therefore have had a significant role
during rifting at this time (cf. McClay et al. 1986).
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Well 202/19-1 was drilled west of the reactivated
‘Naver thrust fault’ and therefore only penetrated
Mesozoic strata. The upper syn rift (II) unit is
far more laterally extensive, although deepest in
the west and onlaps underlying Devonian strata
in the east. As discussed above, well data have
proven that these rocks are Permo-Triassic.

Onshore. The sedimentary outliers at Coldbackie,
Kirtomy and Strathy have all been identified as
potential onshore continuations of the offshore half-
graben in the West Orkney Basin (Coward &
Enfield 1987; Coward et al. 1989). The age of the
sedimentary outliers at Coldbackie is controversial,
with some authors favouring a Permo-Triassic age
(e.g. McIntyre et al. 1956; Kirton & Hitchen 1987;
Johnstone & Mykura 1989; Carter et al. 1995),
whereas others prefer an older Devonian (ORS)
age (e.g. Geikie 1878; Crampton & Curruthers
1914; Blackbourn 1981a, b; O’Reilly 1983;
Coward et al. 1989; Seranne 1992; Holdsworth
et al. 2001).

The sandstones at Kirtomy Bay strongly
resemble those in Strathy Bay which are Lower to
Middle Devonian in age since they contain the
Achanarras fish fauna (Geikie 1878; Crampton &
Carruthers 1914; Donovan 1975). Structurally they
are also similar, as both have been deposited in half-
grabens bounded by north–south trending fault
zones showing evidence for a later phase of
dextral-oblique-slip movements. The latter is kine-
matically consistent with the Permo-Triassic
NW–SE extension direction identified offshore.
However, many of the faults that exhibit kinematics
consistent with NW–SE extension cut well lithified
sedimentary rocks and may therefore post-date
basin formation altogether. Our favoured model
for the Kirtomy and Strathy Basins is that they
developed initially as north–south half graben
during the Early Devonian and that the bounding
faults were later reactivated as dextral-oblique/
strike-slip faults during Permian NW–SE exten-
sion. However, the Kirtomy deposits lack the
fossil assemblages seen near Strathy, so a definitive
interpretation is not possible.

The unfossiliferous breccio-conglomerates at
Coldbackie-Watch Hill – and in five small associ-
ated outliers located between Ben Tongue and Ben
Loyal (Fig. 9a) – appear markedly different to the
other sedimentary rocks located further to the
north and east. Circumstantial geological evidence
favours a Devonian age for these rocks (see
Holdsworth et al. 2001 and references therein), but
fission-track analysis of detrital zircons and apatites
from the upper, syenite-bearing conglomerates of
the Watch Hill outlier yield a Permian age (mean
central ages of 293 + 17 Ma for zircon and
267 + 26 Ma for apatite; Carter et al. 1995),

thereby constraining both the age of the denudation
of the Loch Loyal Syenite Complex and the depo-
sition of the Upper Watch Hill sediments. Pre-
viously, only one system of steeply-dipping faults
has been described, namely the NNW–SSE trend-
ing basin-bounding fault and smaller NW–SE intra-
basinal faults (Holdsworth et al. 2001). However,
the new analysis presented here has identified two
distinct fault systems: 1) an older north–south- to
NNW–SSE-trending basin bounding fault system;
and 2) a younger system of ESE–WNW extensional
or transtensional faults that offset the bounding fault
(Fig. 9a). The relationships between these fault
systems and the adjacent sedimentary sequences
appear complex and are summarized below.

First, the conglomerates exposed in half graben
located close to the beach at Coldbackie (part of
the upper/syenite-bearing conglomerate package)
are sub-horizontally bedded and apparently unde-
formed (Fig. 10b). We therefore conclude that
these sediments were either unlithified at the time
of faulting or post-date faulting entirely. The faults
here trend ESE–WNW to SE–NW and are thus
sub-parallel to the younger set that appears to
segment the Watch Hill outlier (Fig. 7b).

Second, Blackbourn (1981a) suggests that the
upper units of the nearby Ben Tongue and Watch
Hill conglomerates can be directly correlated
meaning that there appears to be virtually no
offset of this unit across the Watch Hill Fault
(Fig. 9a). Therefore, we conclude that this north–
south to NNW–SSE-trending structure likely
entirely pre-dates deposition of the upper conglom-
erate strata. If this is the case and we assume that the
lower non-syenite bearing conglomerates and over-
lying sandstones may still represent syn-rift infill
along the Watch Hill Fault, then the unconformity
separating these rocks from the upper conglomer-
ates (Fig. 9b) may represent an extended time
period. Therefore, although AFTA studies suggest
a Permian denudation age for the upper syenite-
bearing conglomerates (Carter et al. 1995), the
lower strata may have been deposited as long ago
as the Devonian. Presumably this may also apply
to the other basal breccia deposits lacking syenite
clasts that crop out between Ben Tongue and Ben
Loyal (Fig. 9a).

Third, the slickenlines on fractures within the
NE–SW trending Loch Loyal Fault are consistent
with NW–SE extension (Holdsworth et al. 2001).
It seems likely that the reddening of cataclasite
breccias and gouges within the fault zone is linked
to the near-surface circulation of iron-rich fluids
associated with the deposition of the Permo-Triassic
red bed outliers. The fault-controlled uplift and
erosion in the footwall of the Loch Loyal Fault pro-
vides a plausible explanation for the widespread
presence of syenite clasts within the upper
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conglomerate units of the Watch Hill and associated
outliers of Ben Tongue, Beinn Bhreac, Cnoc
Craggie and Ben Stumanadh (O’Reilly 1983; Holds-
worth et al. 2001). Therefore, we tentatively suggest
that the Loch Loyal Fault developed contempora-
neously with Permo-Triassic extensional faulting
in the West Orkney Basin.

In Durness, although spatially variable, ESE–
WNW and NE–SW faults appear to have mutually
cross-cutting relationships at both outcrop and
regional scales. Furthermore, fault characteristics
(e.g. infill, fault rock, veining) and kinematics are
comparable on each system, implying that these
faults were active contemporaneously. Both ESE–
WNW and NE–SW faults clearly cross-cut Caledo-
nian structures resulting in the downthrow, and
current location of, Caledonian basement outliers
at Faraid Head and Sango Bay. This proves a
post-Caledonian age for these faults (Hippler &
Knipe 1990; Beacom 1999), but further age con-
straints are difficult to establish. The red sediment
infills along both ESE–WNW and NE–SW faults
at Faraid Head and Sango Bay (Fig. 8f) are unfossi-
liferous and are of uncertain age. A Mesozoic age
has been suggested for the faults in this area based
on correlations with offshore faults in the Minch,
Outer Isles and western West Orkney Basins
(Steel & Wilson 1975; Laubach & Marshak 1987;
Stein 1988). Kinematically these faults are consist-
ent with NW–SE regional extension during the
Permo-Triassic, but direct linkage of onshore and
offshore faults is not possible as the main faults
onshore dip westwards, while offshore all major
faults are easterly dipping. This opposing dip direc-
tion may partially explain the complexity of the
faulting within the area and the development of a
prominent system of ESE–WNW faults since
there is a requirement for some form of transfer or
accommodation zone to exist.

Blumstein et al. (2005) carried out a detailed
palaeomagnetic study of fluid migration events in
the Moine Thrust Zone, including samples from
the Durness region. A number of significant chemi-
cal remnant magnetization events (which reflect
remagnetizing fluids linked to different tectonic
episodes) events were recognized during the
Devonian, Permian, Mesozoic(?) and Cenozoic.
The most significant event in Durness, however,
appears to be of Permian age, at which time it is
believed that the pre-existing thrusts helped to
channel fluid migration and advect heat during
regional crustal extension.

The normal faults at Durness juxtapose Moinian
rocks against Caledonian foreland sequences (e.g.
Durness Limestone), which implies that relatively
large displacements have occurred on these faults
(.2000 m; Laubach & Marshak 1987). Significant
erosion of the footwall blocks must therefore

have taken place either during or subsequent to
fault-related juxtaposition. The preservation of red
sedimentary infills along these same faults
(Beacom 1999) suggests that the currently exposed
faults were close to the surface at the time of fault-
ing. Therefore either active erosion of the footwall
regions was occurring during faulting, with infills
marking the last stages of this deformation, or the
sedimentary infills mark a period of renewed
activity on faults after the main period of erosion
of the footwall blocks. All the infills are hosted in
Durness Limestones, so karstification processes
are also likely to have played a significant role in
their development.

The presence of Quaternary, postglacial fault
movements in the Scottish Highlands is a much
debated and controversial issue (see Stewart et al.
2001 and references therein). Whilst we cannot
rule out the possibility that some recent fault move-
ments may have occurred in the north coastal
region, it is important to emphasize that we have
found little unequivocal geological evidence to
support this hypothesis.

Fault patterns and basement terranes

A summary of the main onshore fault sets is shown
in Table 1. From the present study, it is evident that
brittle fault patterns vary markedly onshore along
the north coast of Scotland and that changes in
these patterns correspond to changes in basement
terrane and pre-existing structures (Figs 1, 2 & 4).
West of the Moine Thrust (Caledonian foreland)
fault patterns are dominated by NE–SW and
ESE–WNW trends, while to the east (Moine
Nappe), fault trends appear more variable, although
east of Strathy, north–south trends appear to
dominate (Fig. 5).

In most areas, the observed fault arrays show
non-Andersonian, polymodal patterns (e.g. Fig. 5)
with mutually cross-cutting relationships suggesting
that all sets are broadly contemporaneous. Such pat-
terns are increasing recognized and likely indicate
that the fault systems have accommodated 3D, non-
plane strains (Reches 1983; Nieto-Samaniego &
Alaniz-Alvarez 1995; Healy et al. 2006; Guo et al.
2009). Significantly, similar faulting patterns have
been observed in other areas of NW Scotland
during both Proterozoic (Beacom et al. 1999) and
Mesozoic rifting episodes (Healy et al. 2006).

Linking onshore and offshore geology

Previous attempts have been made to link onshore
and offshore structures in the West Orkney Basin
(e.g. Enfield & Coward 1997; Coward et al. 1989).
These studies concluded that the sediment outliers
of Sutherland and Caithness are onshore
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continuations of offshore half grabens. Most pub-
lished maps show offshore faults extending
onshore at Strathy (Johnstone & Mykura 1989)
and Kirtomy Bay (e.g. Fig. 1), but the trends of off-
shore and onshore faults are markedly different
(NNE–SSW and north–south or NNW–SSE
respectively). If such a link exists, it requires a dis-
tinct change in fault trend along strike. These vari-
ations have been attributed to the influence of
underlying basement structures (Coward et al.
1989). However a lack of near-shore data means
these changes are only inferred and require
further constraints.

Evidence for a coast-parallel transfer fault system.
The field observations and regional relationships
summarized below suggest that a broadly coast-
parallel transfer zone of Permo-Triassic age is
developed in northern Scotland that is here referred
to as the North Coast Transfer Zone (NCTZ;
Fig. 12a). Our compilation of fault data indicates
that the northern coastline is likely to be coincident
with a number of important ESE-trending faults,
including the Port Odhar, Faraid Head and Bettyhill
faults (Figs 5 & 12b, c). Substantial down-to-the-
north normal displacements have been demon-
strated on the Port Odhar and Faraid Head faults.
Further east, faulting down to the north by coast-
parallel faults is also implied by the pronounced
down to the north step in the top basement unconfor-
mity between the mainland and the islands of
Eilean nan Ron (Figs 5 & 9d). A comparison of
the onshore and offshore geology of north Scotland
suggests a significant change in the deep structure of
the Caledonian thrust system (Fig. 12d; McBride &
England 1994; Snyder & Hobbs 2000). Onshore,
the Caledonian thrust system is believed to sole
out at a present-day depth of ,5 km (Butler &
Coward 1984; Barr et al. 1986), whereas offshore
the depth to detachment appears significantly
deeper, at about 15 km (Snyder 1990). Lateral
ramps in the Caledonian thrust systems have been
invoked to explain this rapid deepening of the
system, but it could also be due, at least in part, to
significant north side-down displacements along
the post-Caledonian NCTZ.

The unfossiliferous conglomerates and thin
sandstone successions preserved on Eilean nan
Ron (Fig. 9c, d) preserve additional sedimentologi-
cal evidence for the development of a significant
coast-parallel fault system. Blackbourn (1981a, b)
and Holdsworth et al. (2001) have shown that the
succession here preserves numerous palaeocurrent
indicators and abundant clasts of Durness Lime-
stone and Cambrian quartzite – including Pipe
Rock – consistent with derivation from a Caledo-
nian foreland source located tens of kilometres to
the NW (Fig. 9d). The dominantly NW–SE

palaeocurrents and foreland-derived clasts are not
observed in the red-bed outliers located on the
immediately adjacent mainland, where south to
north palaeoflow patterns are observed (Fig. 9d).
The age of the red bed successions of Eilean nan
Ron are uncertain, but if their deposition was signifi-
cantly influenced by the development of the NCTZ,
it suggests that they are more likely to be
Permo-Triassic.

The relationship between coast-parallel, ESE–
WNW and NE–SW-trending faults within the
NCTZ is most clearly preserved in the Lewisian-
dominated Caledonian foreland. Here Laubach &
Marshak (1987) suggested that these fault sets
developed during a single phase of deformation
and that the coast-parallel set formed in the hanging
walls of the NE–SW normal faults in order to
accommodate along-strike variations in the magni-
tude of NW–SE extension. Beacom (1999) demon-
strated, however, that whilst in the Durness area
ESE–WNW faults appear to terminate against
NE–SW faults, further west in the area close to
Cape Wrath, the opposite appears true (i.e. NE–
SW terminate against ESE–WNW faults – see
Fig. 12b). This regional-scale mutual cross-cutting
relationship between fault sets in the NCTZ and
the observed mixture of both strike-slip and
dip-slip slickenline lineations in both fault systems
suggest that a more complex relationship than that
predicted by Laubach & Marshak (1987) is likely.
The proposed coast-parallel faults in the NCTZ
are significantly oblique to the NW–SE Permo-
Triassic regional extension direction (Fig. 12a–c)
and would be expected to accommodate oblique
extensional (transtensional) movements. The wide-
spread development of complex polymodal faulting
in the NCTZ is wholly consistent with such a trans-
tensional deformation (e.g. Dewey 2002; De Paola
et al. 2005).

If the ESE–WNW coast-parallel faults were
active during regional NW–SE Permo-Triassic
extension, it would be reasonable to expect individ-
ual faults to accommodate substantial components
of sinistral strike-slip movement. Coast-parallel
faults in Cape Wrath and Durness (e.g. Port Odhar
and Faraid Head Faults) appear to consistently
show strike-slip followed by dip-slip movements,
with the most significant offsets being extensional.
Some sinistral kinematic indicators have been
observed in association with coast-parallel faults
farther east in the Moine Nappe around Skerray.
The onshore continuation of the coast-parallel
fault system east of Torrisdale Bay also shows
some left lateral offset of basement structures (e.g.
the Swordly thrust is offset by c. 1.5 km, Fig. 7a),
and the relatively small amounts of offset along
individual faults may reflect a tipping out eastwards
of the NCTZ or that strain has been distributed

BASEMENT-INFLUENCED RIFTING AND BASIN DEVELOPMENT 819



along a greater number of surrounding faults. If the
pattern of early strike-slip followed by dip-slip
movements observed in the Durness region is
representative of the entire NCTZ, the fault system
may initially have developed as a strike-slip

dominated transfer zone (Fig. 13a). As the offshore
sub-basins defining the West Orkney Basin devel-
oped, these faults may have subsequently become
more extension-dominated to accommodate vertical
subsidence within the basin (Fig. 13b).

Fig. 12. (a) Proposed location of North Coast Transfer Zone (NCTZ) which accommodated changes in the intensity of
Permo-Triassic extension from significant amounts offshore to minor faulting onshore. EnR, Eilean nan Ron (or Roan
Islands). Locations of detailed maps in (b) and (c) also shown. (b, c) detail of the main study areas highlighting principal
structures associated with the NCTZ and SE-directed palaeocurrent data from Eilean nan Ron; see text for discussion.
(d) Schematic cross sections of Caledonian thrust structures onshore (from Butler & Coward 1984) and offshore
(from Snyder 1990). Note the apparent deepening of the Caledonian thrusts reflecting the presence of lateral ramps
and/or the relative downthrows along later normal faults and the NCTZ.
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How and why did this coastal parallel fault zone
develop? The development of transfer zones is
often attributed to the direct reactivation of base-
ment structures (e.g. Morley et al. 1990, 2004).
The observed ESE–WNW orientation of the
NCTZ could plausibly be attributed to reactivation
of Laxfordian fabrics within the Lewisian basement
terrane of both the Caledonian foreland to the west
and in the Lewisian-dominated autochthon below
the Moine Nappe further to the east. However,
there is no clear field evidence for Laxfordian
basement reactivation at Durness (Beacom 1999).
It does seem likely that the NCTZ developed as a
consequence of strain being transferred laterally
from depocentres that are offset along strike. Prior
to the Permian there were separate basins located
to the east and west of the central West Orkney
Basin (Fig. 14a, b). To the SW, the Minch Basin
initially developed during the Proterozoic (Steel &
Wilson 1975; Stein 1988), and to the northeast
(east of the Naver thrust) there was the Devonian
West Orkney Basin (this study). The reactivation
of older faults is apparent in both these basin depo-
centres during Permo-Triassic extension. Therefore
the NCTZ is likely to have developed simply as a
consequence of extensional strain occurring in two
adjacent regions needing to be accommodated by
some form of transfer zone (Figs 13 & 14).

Differential uplift and tilting of the Scottish High-
lands. The erosional history of the Scottish High-
lands since the end of the Caledonian orogeny is
important since this region has at various times
formed an important source area for the surrounding
basins that have developed from the Devonian to
the present day (e.g. Hall & Bishop 2002). The
development of a regional ESE- to SE-dip in the
Cambrian strata of the Caledonian Foreland

(typically 8–128) has been attributed to entirely
post-Caledonian tilting by some authors (e.g.
Elliott & Johnson 1980; Butler & Coward 1984),
whilst others have suggested that it reflects crustal
flexure due to Caledonian thrust sheet loading (e.g.
Soper & Barber 1982). The preservation above sea
level of basement-cored footwall uplifts throughout
the western Highlands of Scotland further points to
a long-term, post-Mesozoic exhumation in this
region (Roberts & Holdsworth 1999) which can be
related to early Cenozoic underplating and the
development of the proto-Iceland plume during
Atlantic opening (e.g. Brodie & White 1994,
1995). Thermochronological studies, such as
apatite (U–Th)/He and fission track techniques
(e.g. Thomson et al. 1999; Hall & Bishop 2002;
Persano et al. 2007) broadly confirm this pattern of
uplift and denudation, suggesting that regions in
the west have suffered significantly higher levels
of exhumation compared to areas in the east, for
example, 2.5 km on Lewis v. 1 km in the Inner
Moray Firth (Thomson et al. 1999), although there
are arguments about the assumed geothermal gradi-
ents used in these studies (see Persano et al. 2007).
Clearly, further discussion of these issues is beyond
the scope of the present paper, but future studies
will need to refine further the use of thermochronolo-
gical techniques and link these explicitly to the
observed geological tilting relationships and post-
Caledonian faulting patterns seen in both onshore
and offshore regions.

Conclusion

(1) The onshore and offshore faults developed along
the Scottish north coast and the West Orkney Basin
show distinctly different trends. Offshore faults
trend NE–SW, while faults bounding red bed
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Continued Mesozoic extension leading
to transfer zone becoming more
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Fig. 13. (a) Simplified location map of West Orkney Basin (WOB) relative to regional Mesozoic extension vector
(large green arrows), Wyville-Thompson Ridge and depth contour map of Flannan reflector (from McBride et al. 1995).
Box indicates location of area represented in (b) and (c). (b–c) Schematic sequential diagrams to explain the observed
kinematic evolution of the North Coast Transfer Zone.
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outliers onshore trend NNW–SSE or north–south.
This led previous authors to curve their NE–SW
trending offshore faults round toward a more
north–south orientation as they traced faults
onshore (Fig. 1a; Coward et al. 1989; Stoker et al.
1993). Our studies suggest, however, that the
onshore and offshore structures have different
trends because at least in part they formed initially
in response to separate rifting events (Figs 5 & 14).

(2) We propose that the West Orkney Basin
developed during two completely separate phases

of rifting in the Devonian and Permo-Triassic
(Fig. 14). Devonian sedimentary infills are restricted
to the east of the basin (i.e. those associated with the
Orcadian Basin), with their western limit being
apparently delimited by the extensionally reacti-
vated Naver Thrust (Figs 4a & 14). By contrast,
Permo-Triassic sediments predominate in the west
of the basin with half graben cutting underlying
Devonian sedimentary rocks in the central region,
and thinning eastwards, onlapping the Devonian
west of the Orkney islands (Figs 4a & 14a).

Fig. 14. (a) Regional summary map showing the distribution of major faults and Devonian and Mesozoic
(Permo-Triassic) sediments offshore and onshore. NMB, North Minch Basin; NRB, North Rockall Basin; OIB, Outer
Isles Basin; OB, Orcadian Basin; WOB, West Orkney Basin. (b) Proposed tectonic setting of the pre-Devonian,
Devonian and Mesozoic basins in relation to the major faults.
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(3) Devonian rifts trend between north–south
and NNW–SSE, indicating an east–west or
ENE–WSW directed extension, consistent with
sinistral transtensional movements along the Great
Glen Fault at this time (Figs 5 & 14b; Serrane
1992; Dewey & Strachan 2003).

(4) Permo-Triassic rifts trend NE–SW within
the West Orkney Basin. There is good evidence
onshore that many faults were active during
NW–SE extension, but the fault systems appear to
have been complex and include the development
of a coast-parallel (broadly ESE–WNW-trending)
zone of complex faulting which we believe rep-
resents a transfer fault system linking extension in
the North Minch Basin to extension in the West
Orkney Basin (NCTZ; Fig. 14). Limited exposures
of possible Permo-Triassic sedimentary rocks
occur as isolated outliers in the onshore region
NNE of Tongue (Coldbackie-Watch Hill and
Eilean nan Ron) (Fig. 9a–c). Marked changes in
palaeocurrent directions in these outliers suggest
that the NCTZ was active during their deposition
and that it effectively delimited the southern
margin of the WOB during the Permo-Triassic
(Fig. 9d).

(5) The widespread direct reactivation of base-
ment fabrics by faults with significant magnitudes
of displacement is far less prevalent in onshore
exposures along the northern Scottish coastal
region than is implied by the literature (e.g.
Brewer & Smythe 1984; Enfield & Coward 1987;
Coward et al. 1989; Snyder 1990). With the excep-
tion of the basin-bounding faults at Kirtomy Bay
and some of the coast-parallel faults in the Caledo-
nian Foreland, most faults forming the NCTZ
demonstrably cut basement fabrics at high angles
(Holdsworth 1989). However, the complex patterns
of faulting clearly change as they are traced across
regions where the pre-existing fabrics have different
orientations relative to the far field, regionally con-
stant rifting vectors. This leads to a subtle basement
influence reflecting more localized changes in 3D
transtensional strains due to the presence of diff-
erently orientated pre-existing basement fabrics.
This likely explains why measured fault systems
demonstrably change in both complexity and orien-
tation when traced across different basement
domains. It is likely that equivalent patterns will
be recognized in other basement-hosted fault
zones, especially in transfer zones where rifting
vectors and pre-existing basement fabrics are
likely to be significantly oblique.
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In: DORÉ, A. G. & VINING, B. A. (eds) Petroleum
Geology: North–West Europe and Global Perspec-
tives. Proceedings from the 6th Petroleum Geology
Conference, Geological Society, London, 2, 933–945.

KINNY, P. D., FRIEND, C. R. L., STRACHAN, R. A.,
WATT, G. R. & BURNS, I. M. 1999. U–Pb geochronol-
ogy of regional migmatites, East Sutherland, Scotland:
evidence for crustal melting during the Caledonian
orogeny. Journal of the Geological Society, London,
156, 1143–1152.

KINNY, P. D., STRACHAN, R. A., ROGERS, G. R.,
FRIEND, C. R. L. & KOCKS, H. 2003. U–Pb geochro-
nology of deformed meta-granites in central Suther-
land, Scotland: evidence for widespread Silurian
metamorphism and ductile deformation of the Moine
Supergroup during the Caledonian orogeny. Journal
of the Geological Society, London, 160, 259–269.

KIRTON, S. R. & HITCHEN, K. 1987. Timing and style of
crustal extension N of the Scottish mainland. In:
COWARD, M. P., DEWEY, J. F. & HANCOCK, P. L.
(eds) Continental Extensional Tectonics. Geological
Society, London, Special Publications, 28, 501–510.

KLEMPERER, S. L. & HOBBS, R. W. 1991. The BIRPS
Atlas: Deep Seismic Reflection Profiles Around the
British Isles. Cambridge University Press, Cambridge.

KNAPP, J. 2003. Lithospheric mantle structure beneath
Northern Scotland: pre-plume remnant or syn-plume
signature? EGS – AGU – EUG Joint Assembly, Pro-
gramme with Abstracts, abstract #13605.

KOCKS, H., STRACHAN, R. A. & EVANS, J. A. 2006.
Heterogeneous reworking of Grampian metamorphic
complexes during Scandian thrusting in the Scottish

Caledonides: insights from the structural setting and
U–Pb geochronology of the Strath Halladale Granite.
Journal of the Geological Society, London, 163,
525–538.

LAUBACH, S. E. & MARSHAK, S. 1987. Fault patterns
generated during extensional deformation of crystal-
line basement, NW Scotland. In: COWARD, M. P.,
DEWEY, J. F. & HANCOCK, P. L. (eds) Continental
Extensional Tectonics. Geological Society, London,
Special Publications, 28, 495–499.

LAUBACH, S. E. & DIAZ-TUSHMAN, K. 2009. Laurentian
palaeostress trajectories and ephemeral fracture per-
meability, Cambrian Eriboll Formation sandstones
west of the Moine Thrust Zone, NW Scotland.
Journal of the Geological Society, London, 166,
349–362.

MCBRIDE, J. H. & ENGLAND, R. W. 1994. Deep seismic
reflection structure of the Caledonian orogenic front
west of Shetland. Journal of the Geological Society,
London, 151, 9–16.

MCBRIDE, J. H., SNYDER, D. B., TATE, M. P.,
ENGLAND, R. W. & HOBBS, R. W. 1995. Upper
mantle reflector structure and origin beneath the
Scottish Caledonides. Tectonics, 14, 1351–1367.

MCCAFFREY, K. J. W., JONES, R. R. ET AL. 2005. Unlock-
ing the spatial dimension: digital technologies and the
future of geoscience fieldwork. Journal of the Geologi-
cal Society, London, 162, 927–938.

MCCLAY, K. R., NORTON, M. G., CONEY, P. & DAVIS,
G. H. 1986. Collapse of the Caledonian orogen and the
Old Red Sandstone. Nature, London, 323, 147–159.

MCINTYRE, D. B., BROWN, W. L., CLARK, W. J. &
MACKENZIE, D. H. 1956. On the conglomerates of
supposed Old Red Sandstone age near Tongue,
Sutherland. Transactions of the Geological Society of
Glasgow, 22, 35–47.

MORGAN, R. P. L. L., BARTON, P. J., WARNER, M.,
MORGAN, J., PRICE, C. & JONES, K. 2000. Litho-
spheric structure north of Scotland – I. P-wave model-
ling, deep reflection profiles and gravity. Geophysical
Journal International, 142, 716–736.

MORLEY, C. K., NELSON, R. A., PATTON, T. L. & MUNN,
S. G. 1990. Transfer zones in the East African Rift
System and their relevance to hydrocarbon exploration
in rifts. American Association of Petroleum Geologists
Bulletin, 74, 1234–1253.

MORLEY, C. K., HARANYA, C., PHOOSONGSEE, W.,
PONGWAPEE, S., KORNSAWAN, A. & WONGANAN,
N. 2004. Activation of rift oblique and rift parallel pre-
existing fabrics during extension and their effect on
deformation style: examples from the rifts of Thailand.
Journal of Structural Geology, 26, 1803–1829.

NELSON, R. A., PATTON, T. L. & MORLEY, C. K. 1992.
Rift-segment interaction and its relation to hydro-
carbon exploration in continental rift systems. Ameri-
can Association of Petroleum Geologists Bulletin, 76,
1153–1169.

NIETO-SAMANIEGO, A. F. & ALANIZ-ALVARREZ, S. A.
1995. Influence of the structural framework on the
origin of multiple fault patterns. Journal of Structural
Geology, 17, 1571–1577.

NORTON, M. G., MCCLAY, K. R. & WAY, N. A. 1987.
Tectonic evolution of Devonian basins in northern
Scotland and southern Norway. Norsk Geologisk
Tidsskrift, 67, 323–338.

BASEMENT-INFLUENCED RIFTING AND BASIN DEVELOPMENT 825



O’REILLY, K. J. 1983. Composition and age of the con-
glomerate outliers around the Kyle of Tongue, north
Sutherland, Scotland. Proceedings of the Geologists’
Association, 94, 53–64.

PARK, R. G., STEWART, A. D. & WRIGHT, D. T. 2002.
The Hebridean terrane. In: TREWIN, N. H. (ed.) The
Geology of Scotland. Geological Society, London,
45–80.

PATON, D. A. & UNDERHILL, J. R. 2004. Role of
crustal anisotropy in modifying the structural and
sedimentological evolution of extensional basins: the
Gamtoos Basin, South Africa. Basin Research, 16,
339–359.

PEACH, B. N., HORNE, J., GUNN, W., CLOUGH, C. T. &
HINXMAN, L. W. 1907. The Geological Structure
of the Northwest Highlands of Scotland. Memoirs of
the Geological Survey of Great Britain. HMSO,
Glasgow.

PERSANO, C., BARFOD, D. N., STUART, F. M. &
BISHOP, P. 2007. Constraints on early Cenozoic
underplating-driven uplift and denudation of western
Scotland from low temperature thermochronometry.
Earth Sciences and Planetary Science Letters, 263,
404–419.

RECHES, Z. 1983. Faulting of rocks in three-dimensional
strain fields II: theoretical analysis. Tectonophysics,
95, 133–156.

RESTON, T. J. 1988. Evidence for shear zones in the lower
crust offshore Britain. Tectonics, 7, 929–945.

RESTON, T. J. 1990. The lower crust and the extension of
the continental lithosphere: kinematic analysis of
BIRPS deep seismic data. Tectonics, 9, 1235–1248.

ROBERTS, A. M. & HOLDSWORTH, R. E. 1999. Linking
onshore and offshore structures: Mesozoic extension
in the Scottish Highlands. Journal of the Geological
Society, London, 156, 1061–1064.

SERANNE, M. 1992. Devonian extensional tectonics
versus Carboniferous inversion in the northern Orca-
dian basin. Journal of the Geological Society,
London, 149, 27–37.

SIBSON, R. H. 1985. A note on fault reactivation. Journal
of Structural Geology, 7, 751–754.

SNYDER, D. B. 1990. The Moine Thrusts in the BIRPS
data set. Journal of the Geological Society, London,
147, 81–86.

SNYDER, D. B. & FLACK, C. A. 1990. A Caledonian age
for reflectors within the mantle lithosphere north and
west of Scotland. Tectonics, 9, 903–922.

SNYDER, D. & HOBBS, R. W. 2000. The BIRPS Atlas 2: A
Second Decade of Deep Seismic Profiling. Geological
Society, London.

SNYDER, D. B., ENGLAND, R. W. & MCBRIDE, J. H.
1997. Linkage between mantle and crustal structures
and its bearing on inherited structures in northwestern
Scotland. Journal of the Geological Society, London,
154, 79–84.

SOPER, N. J. & BARBER, A. J. 1982. A model for the deep
structure of the Moine Thrust Zone. Journal of the
Geological Society, London, 139, 127–138.

STEEL, R. J. & WILSON, A. C. 1975. Sedimentation and
tectonism (?Permo–Triassic) on the margin of the
North Minch Basin, Lewis. Journal of the Geological
Society, London, 131, 183–202.

STEIN, A. M. 1988. Basement controls upon basin devel-
opment in the Caledonian foreland, NW Scotland.
Basin Research, 1, 107–119.

STEIN, A. M. & BLUNDELL, D. J. 1990. Geological inheri-
tance and crustal dynamics of the northwest Scottish
continental shelf. Tectonophysics, 173, 455–467.

STEWART, I. S., FIRTH, C. R., RUST, D. J., COLLINS,
P. E. F. & FIRTH, J. A. 2001. Postglacial fault move-
ment and palaeoseismicity in western Scotland: a
reappraisal of the Kinloch Hourne fault, Kintail.
Journal of Seismology, 5, 307–328.

STOKER, M. S., HITCHEN, K. & GRAHAM, C. C. 1993.
The Geology of the Hebrides and West Shetland
shelves, and adjacent deep-water areas. United
Kingdom Offshore Regional Report. HMSO, London.

SUTTON, J. & WATSON, J. V. 1986. Architecture of the
continental lithosphere. Philosophical Transactions
of the Royal Society, London, A317, 5–12.

THOMSON, K., UNDERHILL, J. R., GREEN, P. F., BRAY,
R. J. & GIBSON, H. J. 1999. Evidence from apa-
tite fission track analysis for the post-Devonian
burial and exhumation history of the northern High-
lands, Scotland. Marine and Petroleum Geology, 16,
27–39.

TREWIN, N. H. & THIRLWALL, M. F. 2002. Old Red
Sandstone. In: TREWIN, N. H. (ed.) The Geology of
Scotland (4th edition). Geological Society, London,
213–249.

WARNER, M., MORGAN, J., BARTON, P. J., MORGAN,
R. P. L. L., PRICE, C. & JONES, K. 1996. Seismic
reflections from the mantle represent relict subduction
zones within the continental lithosphere. Geology, 24,
39–42.

WATTS, L. M., HOLDSWORTH, R. E., SLEIGHT, J. A.,
STRACHAN, R. A. & SMITH, S. A. F. 2007. The move-
ment history and fault rock evolution of a reactivated
crustal-scale strike-slip fault: the Walls Boundary
Fault Zone, Shetland. Journal of the Geological
Society, London, 164, 1037–1058.

WILSON, J. T. 1966. Did the Atlantic close and then
re-open? Nature, London, 211, 676–681.

WILSON, R. W., MCCAFFREY, K. J. W., HOLDSWORTH,
R. E., IMBER, J., JONES, R. R., WELBON, A. I. F. &
ROBERTS, D. 2006. Complex fault patterns, transten-
sion and structural segmentation of the Lofoten
Ridge, Norwegian margin: using digital mapping to
link onshore and offshore geology. Tectonics, 25,
TC4018.

WITHJACK, M. O. & SCHLISCHE, R. W. 2005. A review
of tectonic events on the passive margin of eastern
North America. In: POST, P. (ed.) Petroleum Systems
of Divergent Continental Margin Basins. 25th Bob
S. Perkins Research Conference, Gulf Coast Section
of the Society of Economic & Petroleum Geologists,
203–235.

R. W. WILSON ET AL.826



The geometric characteristics, genesis and petroleum significance

of inversion structures

MARK COOPER1* & MARIAN J. WARREN2

1Sherwood Geoconsulting, Suite 208, 1235 17th Ave SW, Calgary, Alberta, Canada, T2T 0C2
2Jenner GeoConsulting, Suite 208, 1235 17th Ave SW, Calgary, Alberta, Canada, T2T 0C2

*Corresponding author (e-mail: mark@sherwoodgeo.com)

Abstract: Inversion structures are now recognized in most orogenic belts and in many other
tectonic settings, however, this has not always been the case. For many years the thin-skinned
paradigm dominated the interpretation of thrust belts which resulted in many inversion structures
being erroneously interpreted as thin-skinned thrusts. In rift basins, intra-cratonic basins and
on passive margins inversion structures were often interpreted as having alternative origins,
for example, strike-slip deformation. The classic paper of Bally described the geometric character-
istics of inversion structures, in which he identified the extensional fault geometry and its sub-
sequent compressional reactivation as essential requirements of an inversion structure. The
increased recognition of inversion structures in a wide variety of tectonic settings is illustrated
by four hydrocarbon exploration case studies. The geometric characteristics of inversion structures
are remarkably consistent irrespective of the tectonic setting and by applying a few simple criteria
they can easily be identified. The impact of inversion on hydrocarbon prospectivity is a function
of the control on the petroleum system elements from the initial extensional tectonic history
and of the later compressional tectonic history which commonly creates new, or modifies old
trap configurations.

The term ‘inversion’ to describe an inverted basin
was first used by Glennie & Boegner (1981)
although inverted basins had been recognized
many years before (e.g. Lamplugh 1920; Stille
1924). The definition of inversion presented by
Cooper et al. (1989) relied on the concept of
regional elevation. The regional elevation of a
marker horizon is the structural elevation of the
horizon where it is undeformed. The ‘regional’
can be curved in three-dimensions due to isostatic,
thermal and flexural processes affecting the litho-
sphere. Contractional deformation will elevate
beds above regional elevation and extension will
lower them below regional elevation (Fig. 1).

Inversion can be easily recognized when the
hanging wall of a fault has marker horizons that
display different elevations above and/or below
their respective regionals. In the classical inverted
half-graben model of Bally (1984) the upper part
of the fault causes elevation of beds above regional
whilst the lower part of the fault shows beds below
regional elevation (Fig. 2). The change-over
point (where beds are at regional in the hanging
wall) has been termed the null point (Williams
et al. 1989).

Extensional faults create accommodation space
in their hanging walls which act as foci for sediment
deposition (e.g. Gupta et al. 1999; Gawthorpe &
Leeder 2000). Many workers have also described

how extensional faults are characterized by segmen-
tation and that sediments often enter the hanging
wall accommodation space where the segments
interact at transfer faults, accommodation zones or
relay ramps (e.g. Gawthorpe & Hurst 1993). When
complex extensional fault systems are inverted,
understanding the initial extensional geometry and
its relationship to syn-rift sediment distribution
becomes critical in developing both the inversion
structures that result from the compressional defor-
mation phase as well as understanding petroleum
prospectivity and risks.

A key stratigraphic characteristic that is a conse-
quence of these relationships is that a syn-rift (or
passive infill) sequence should be recognizable in
all inversion structures (Cooper et al. 1989). If a
syn-rift package (sedimentation synchronous with
extension) cannot be positively identified then
inversion cannot be unequivocally interpreted. The
pre-rift sequence has been extended and has an
original pre-extension length of X (Fig. 2); the post-
rift sequence is longer (Fig. 2, length Y) as it is
deposited on the extended strata. When inversion
occurs the post-rift section must shorten whilst the
pre-rift can remain in net extension depending on
the amount of inversion.

The geometry of inversion structures is highly
dependent on the geometry of the original fault sys-
tem. In the simple case of inverting a half-graben,

From: LAW, R. D., BUTLER, R. W. H., HOLDSWORTH, R. E., KRABBENDAM, M. & STRACHAN, R. A. (eds) Continental
Tectonics and Mountain Building: The Legacy of Peach and Horne. Geological Society, London, Special Publications,
335, 827–846. DOI: 10.1144/SP335.33 0305-8719/10/$15.00 # The Geological Society of London 2010.



the inversion fold produced will be an asymmetric
monocline facing the footwall with the crest
located above the syn-rift depocentre; this is a
characteristic geometric feature of an inversion
structure (Figs 3 & 4). When the inverted exten-
sional faults dip towards the hinterland then the
fault may act as a rigid buttress generating back-
thrusts on the roll-over crest or complex folding of
the syn-rift fill (Gillchrist et al. 1987; Hayward &
Graham 1989; de Graciansky et al. 1989; Colpron
et al. 1998; Yamada & McClay 2004). Commonly,
however, footwall shortcut thrusts develop that
lower the gradient of the fault to create a fault trajec-
tory that is more favourably orientated to the com-
pressional stress and thus can allow efficient

shortening to occur (Fig. 4). When the extension
faults dip towards the hinterland then there is poten-
tial for the development of backthrusts, perhaps
with related footwall shortcuts (Fig. 3).

A comprehensive discussion of inversion was
presented in Cooper et al. (1989) which included
contributions from key workers in the field. In this
discussion Ziegler noted that grabens that evolved
under tensional stress regimes are characterized by
thinned crust that is prone to inversion under com-
pressional stress regimes. Ziegler also suggested
that inversion should only be applied in intraplate
settings; however this view was disputed by de
Graciansky as being too restrictive because many
fold and thrust belts deform pre-existing passive
margins with extensional faults that invert during
orogenesis, for example, the Alps and the Apen-
nines (Butler et al. 2006). Since this debate in
Cooper et al. (1989) a large number of papers
have been published based on hydrocarbon explora-
tion in the external zones of many orogenic systems
and it is now clear that inversion is a widespread
and well documented phenomenon (Hill 1991;
Uliana et al. 1995).

Coward (pers. comm. 1989) observed that inver-
sion appears to be favoured by a short time interval
between the extensional and compressional phases
because attenuated lithophase requires time to ther-
mally re-equilibrate (McKenzie 1978) and when
relatively weak is prone to reactivation under
any compressional stress (Ziegler 1989). Lowell
(1995) has also noted that inversion selects rift
basins where weakening of the lithosphere occurred
by thinning and where mechanical detachment
surfaces are available for reactivation.

Another factor in controlling compressional
inversion of older extensional faults versus
thin-skinned detachment is relative plate motion as

Extensional Fault.
Marker bed is lowered
below regional in HW
and has been extended.
Omission of stratigraphy.

Contractional Fault.
Marker bed is elevated
above regional in HW
and has shortened.
Repetition of stratigraphy.

Top White
Regional
Elevation

Fig. 1. Using the concept of regional elevation to differentiate extensional and compressional faults; after Cooper et al.
(1989).

Extensional half-graben

Partial Inversion

X

Asymmetric
inversion anticline

Null point

Y

Post-rift

Syn-rift

Pre-rift

Basement

Fig. 2. The concept of basin inversion; after Bally
(1984).
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discussed by Lowell (1995). For example, in the
French Pyrenees foothills, thick-skinned mid-to-
Late Cretaceous inversion of Triassic to Early
Cretaceous extensional structures between Iberia

and Europe pre-dates rather than post-dates the
Miocene thin-skinned thrusting (e.g. Canerot et al.
2005; Biteau et al. 2006; Serrano et al. 2006).
This may be because the early transpression was
highly oblique due to the relative plate motions at
the time, so steep faults were favoured for large
strike-slip motions as well as compressional dip-
slip motions. The later main Pyrenean deformation
was caused by more orthogonal plate motions
which favoured early thin-skinned deformation fol-
lowed by thick-skinned inversion in the ‘normal’
late-orogenic sequence (Cooper et al. 1989).
Another excellent example of this is in Morocco
where Beauchamp et al. (1996) attribute the inver-
sion of the High and Middle Atlas Triassic–Jurassic
rift systems to Late Cretaceous-Early Oligocene
dextral strike slip. However, inversion is probably
under-recognized in many known strike-slip set-
tings, as illustrated below in the central Africa case
study. This is because of superficial similarities bet-
ween transpressional ‘flower’ structures and inv-
erted grabens if the syn-rift sedimentary interval
and early extensional geometry are not correctly
identified.

In this paper our objective is to present some well
documented examples of inversion structures from
hydrocarbon exploration areas and illustrate the
geometric and hydrocarbon system characteristics
of inversion structures.

Asymmetric anticline in post-rift sequence which faces towards
the footwall is a characteristic indicator of inversion

Upper part of fault beds are elevated above regional
Lower part of fault beds are depressed below regional

Regional Top Blue

Regional Base Green

Growth package in the HW
of the extensional fault

0

3

1

2

0 5 km

T
W

T
se

cs

Fig. 3. An example of an inversion structure illustrating the key geometric characteristics from the Cuyo Basin of
Argentina after (Uliana et al. 1995).

Extensional half-graben

Inverted half-graben

Incipient footwall
shortcut fault

Footwall
shortcut fault

s 1

q 1 q 2

Fig. 4. Characteristic geometry of an inversion structure
and the development of footwall shortcut faults after
Cooper et al. (1989). Note that the angle, u1 of the
original extensional fault to the compressional stress s1

is much larger than the angle of s1 to the footwall
shortcut u2 and as a result the footwall shortcut will be
the surface of maximum resolved shear stress and will
preferentially fail.
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Inversion in Western Newfoundland

Western Newfoundland provides an excellent case
study of inversion where the data outline the diag-
nostic geometry of inversion with:

(1) an extensional basin history with thickness
and facies changes;

(2) the compressional inversion of the extensional
faults and the development of footwall short-
cut structures;

(3) excellent petroleum prospectivity due to the
presence of a reservoir in traps developed
during inversion that were on migration path-
ways from a mature, high quality source rock
kitchen during and after the inversion.

The case study is documented by Cooper et al.
(2001) and shows how the integration of regional
data and the drilling of a single well proved the
inversion model to be valid.

Newfoundland’s west coast lies in the deformed
Laurentian cratonic foreland of the Canadian Appa-
lachians (Williams 1979). Shallow wells drilled in
the 19th and early 20th centuries and oil seeps on
the Port au Port Peninsula and to the north produced
small quantities of oil used locally (Department of
Energy 1989) and indicate a working petroleum
system.

The Port au Port #1 well was drilled to test a
small onshore anticlinal closure identified with
limited seismic data (Fig. 5) (Cooper et al. 2001).
The play concept involved a Lower Ordovician
carbonate platform reservoir (Knight et al. 1991),
with source rocks in the time equivalent basinal
facies that had undergone thin-skinned thrusting
onto the platform during the Middle Ordovician
Taconic Orogeny, the Humber Arm Allochthon
in Figure 5 (James & Stevens 1986; Fowler et al.
1995). The top seal was provided by tight lime-
stones of the Table Head Group and shales of the
Goose Tickle Group (Cooper et al. 2001). The struc-
tural hydrocarbon traps were the result of
footwall shortcuts developed during Devonian
Acadian inversion of early Middle Ordovician
extensional faults that result from the flexural
bulging of the carbonate platform caused by the
load of the Taconic foreland basin to the east
(Knight et al. 1991) which included the Bay of
Islands Ophiolites.

The Port au Port #1 well penetrated 615 m of
granitic Grenville basement before intersecting the
Round Head Fault (Fig. 5) and proved that thickness
and facies changes in the Llanvirnian (Early–
Middle Ordovician) occur across the Round Head
Fault (Stenzel et al. 1990; Stockmal et al. 1993;
Cooper et al. 2001). The significant observations
are as follows.

Fig. 5. (a) Surface geology map of the Port au Port
Peninsula, West Newfoundland showing key wells and
the location of the cross section (b) and seismic line (c);
after Cooper et al. (2001).
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(1) The Llanvirnian Cape Cormorant Conglomer-
ate submarine fan is absent.

(2) The Llanvirnian marine shales and limestones
of the Goose Tickle and Table Head groups
are thinner (185 m and 15 m respectively)
than on the west coast of the Port au Port
Peninsula (at least 1000 m, Quinn 1995;
Stenzel et al. 1990; Fig. 5).

These thicknesses suggest the Round Head Fault
originally had an extensional offset of about
1000 m by the Late Llanvirnian. Significant early
Ordovician extensional relief on the Round Head
fault controlling Cape Cormorant Conglomerate
deposition was postulated by Stenzel et al. (1990)
and Waldron et al. (1993). The Port au Port #1
well confirms the early extensional history and con-
strains the stratigraphic thickness of these units in
the footwall (Fig. 5). Thick late Llanvirnian turbi-
dite fan sands in the immediate Round Head fault
hanging wall represent later infill of the starved,
fault-bounded basin (Quinn 1995).

The early extensional history of the fault is
critical in the development of reservoir quality
in the inherently low porosity and permeability
rocks of the Cambro-Ordovician carbonate platform
(Cooper et al. 2001). The palaeo-highs on the foot-
walls of the extensional faults were the foci of minor
karst development in the early Middle Ordovician
and later hydrothermal dolomitization during the
Devonian (Cooper et al. 2001). In Early to Mid-
Devonian time, the carbonate platform had been
buried under the Taconic and later foreland basins
(Fig. 6), and Acadian tectonism was occurring to
the east. Hydrothermal fluids moved up major
faults bounding the platform blocks in the develop-
ing foreland basin, an interpretation corroborated by
isotopic evidence from Pb–Zn mineralization of
Early–Mid-Devonian age in the Ordovician plat-
form (Lane 1990). The hydrothermal fluids migrated
upwards until impeded by a significant permeability
barrier, the Goose Tickle Group shales. As a result,
hydrothermally altered rocks are located on the
palaeo-highs that existed prior to the Acadian

inversion (the fault block crests) where the hydro-
thermal fluids preferentially attacked the porous
and permeable units in the platform (Cooper et al.
2001; Fig. 6).

The extensional history of the faults also pro-
vided a migration pathway for generated hydrocar-
bons by juxtaposing the source rocks in the
Cambro-Ordovician basinal shales of the Humber
Arm Allochthon against the reservoir rocks of the
platform. Modelling of the thermal history of the
source rocks suggests that they entered the oil
window during the Late Ordovician as a result of
deposition of the Taconic and later foreland basin
sediments, just prior to the onset of the Acadian
orogeny (Cooper et al. 2001). The thermal history
modelling also implies that the source rocks were
still within the oil window during late Devonian
Acadian inversion with oil source kitchens still
active where not elevated during the inversion
(Cooper et al. 2001). The inversion of the exten-
sional faults during the Acadian orogeny created
compressional footwall shortcut structural traps
that have been the target of exploration drilling
to-date (Cooper et al. 2001).

Inversion in NE Thailand

NE Thailand provides an excellent example of how
the various tectono-stratigraphic components of
inversion may produce a working petroleum system.
The Permian pre-rift stratigraphy contains the reser-
voir units, the Triassic syn-rift stratigraphy contains
the source rocks (Sattayarak et al. 1989), the
Jurassic-Cretaceous post-rift stratigraphy provides
the seal and the late Cretaceous inversion created
the structural traps. As most of the Triassic
syn-rift basins are in the subsurface this example
also highlights how the regional elevation concept
can be applied to recognize ‘concealed’ inverted
basins. This case study also illustrates how the orig-
inal basin morphology strongly controls the geome-
try of the inversion structures that result from the
compressional deformation (Cooper et al. 1989a).

High energy grainstones
preferentially dolomitized

Karsted zones
preferentially
dolomitized

Hydrothermal
dolomitizing fluids
use fault conduits Onlap

Allochthon

Fig. 6. Model of Early–Mid Devonian dolomitization of Ordovician carbonate reservoirs in the extensional fault
footwalls, after Cooper et al. (2001). Key as for Figure 5.
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In NE Thailand, an extensive outcrop of post rift
Mesozoic rocks occurs on the Khorat Plateau which
is somewhat misleadingly named, as the ‘plateau’ is
only 100–200 m above sea level (Fig. 7). It is
rimmed by higher ground, notably the Loei-
Phetchabun Foldbelt to the west in which the
pre-rift Permian strata are exposed. Seismic data
and exploration wells from the Khorat Plateau
demonstrate the existence of a number of syn-rift
Triassic basins and there are also eroded remnants
of uplifted Triassic basins in the Loei-Petchabun
Foldbelt (Cooper et al. 1989a).

The Permian and Mesozoic stratigraphy of the
region is well documented (e.g. Sattayarak 1985;
Booth 1998) and records the transition from an
active margin in the Permian to subsequent collision

in the Early Triassic (the Indosinian Orogeny).
In the Late Triassic an extensional event occurred,
followed by thermal subsidence for the remainder
of the Mesozoic.

The Triassic sequence frequently rests with a
marked angular unconformity on the Permian seq-
uence. The Triassic was deposited in a series of
fault controlled extensional basins as demonstrated
by seismic data and field relationships and beneath
the relatively undeformed part of the Khorat Plateau
some basins are visible on seismic data (Cooper
et al. 1989a). To the west of the Khorat Plateau,
extensive outcrops of Triassic rocks suggest that a
complex system of Triassic basins developed
(Fig. 7) in the Loei-Petchabun Foldbelt. The
Triassic continental extensional basins are filled
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Fig. 7. Simplified tectonic map of Thailand showing major structural features and the interpreted Triassic basins of NE
Thailand after Cooper et al. (1989a).
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by fluvial, alluvial and lacustrine deposits which
include potential source rocks in the Huai Hin Lat
Fm (Chonglakmani & Sattayarak 1978).

During the Jurassic and Cretaceous the red bed
Khorat Group was deposited over much of central
and eastern Thailand. Maranate & Vella (1986)
noted that the subsidence curve for the Jurassic
Cretaceous sediments was consistent with thermal
subsidence following the extensional development
of the Triassic basins. The flat, undeformed
Jurassic-Cretaceous sediments which occur on
either side of the Phu Phan Uplift on the Khorat
Plateau (Fig. 8) are considered to be at regional
elevation. Projecting this regional elevation across
the section it becomes obvious that for much of
the section the Khorat Group is elevated above
regional (Fig. 8). Post-Khorat Group compressional
deformation produced large wavelength folds in

the western part of the Khorat Plateau, the Khorat
Monocline and the Phu Phan Uplift (Fig. 8).

These compressional structures cannot be
thin-skinned as the amplitude and wavelength of
individual folds are only compatible with the invol-
vement of basement in the deformation. Some of
the thick-skinned contractional structures appear
to be spatially related to the extensional faults that
controlled the development of the Triassic basins
and are thus true inversion structures. For example
in the Phu Phan Uplift, the Kuchinari-1 exploration
well penetrates the Triassic at an elevation above
regional suggesting that it is an inverted Triassic
depocentre (Cooper et al. 1989a) and the same
relationship is suggested by the Phu Phra-1 well
(Lovatt Smith et al. 1996). Immediately to the east
of the Khorat Monocline the Nam Phong structure
has been a producing gas field since 1991 and can

Fig. 8. (a) Regional structural cross-section through NE Thailand; see Figure 7 for line of section after Cooper et al.
(1989a). (b) Surface geology map and (c) detailed cross-section through the Nam Phong Gas Field, a footwall
shortcut structure.
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be interpreted as an inversion footwall shortcut to a
Triassic half-graben located beneath the reservoir
(Fig. 8).

Late Cretaceous–Early Cenozoic deformation
caused the post-Triassic folding and elevation seen
in the Loei-Petchabun Foldbelt and the Phu Phan
Uplift (Fig. 8). Booth (1998) suggested that a late
Triassic deformation event inverted the Triassic
basins, however this does not fit with the clear defor-
mation of the Khorat Group by these structures.
Lovatt Smith et al. (1996) have suggested that the
age of the inversion may be mid Cretaceous based
on revision of the age of some of the Cretaceous
stratigraphic units.

The extensional history of the faults created
the accommodation space for the Triassic lacustrine
source rocks. The overlying post rift strata provide
the top seal to the Permian carbonate reservoirs
that were charged by gas generated from the Triassic
source rocks during the Late Cretaceous and
Cenozoic. The inversion of the extensional faults
in the Late Cretaceous and Cenozoic created com-
pressional anticlines and footwall shortcut structural
traps. NE Thailand offers an excellent example
of how to use regional elevation to constrain a
structural cross-section.

Inversion in the BC Foothills

This example of inversion is located in a fold and
thrust belt that has been extensively explored for
hydrocarbons for over 80 years. The work of Bally
et al. (1966) and Dahlstrom (1970) has resulted in
a strongly rooted paradigm that the fold and thrust
belt is purely thin skinned and this paradigm is
still influencing papers written on the region. This
case study illustrates a spectacular example of an
inversion structure that is supported by seismic
and well data in addition to the observations that
can be made from the surface geology. The Cameron
River structure also provides an excellent example
of an inversion structure where an asymmetric fold
developed initially, but as compressionally driven
slip on the old extension fault continued this fault
locked up. The result of continued compression
was a large inversion anticline that developed as
the additional shortening was accommodated by
the amplification of the inversion anticline.

The development of the fold and thrust belt com-
menced in the middle Late Jurassic and terminated
in the Eocene, due to the accretion of a series of
exotic terranes to the Pacific Margin of North
America (Monger et al. 1982). As the foothills are
traced to the NW from Alberta into British Colum-
bia the amount of displacement on the thrusts gradu-
ally decreases, thrusts at surface are less common
and folds predominate (McMechan & Thompson

1989). This can be at least partially attributed to
changes in the mechanical stratigraphy of the
Devonian to Cretaceous section in the BC Foothills
which becomes progressively more shale dominated
from south to north.

The BC foothills can be divided from south to
north into three zones (Cooper 2000) each with a
characteristic structural style (Fig. 9). The boundary
between the Detachment Fold and Thick-skinned
provinces is located at Williston Lake and coincides
with the extrapolated locations of the Hay River
Fault Zone and the Fort St John Graben into the
foothills (Fig. 9). This has been proposed as a
major Late Palaeozoic depocentre (O’Connell
et al. 1990), and probably represents a major trans-
fer zone that shifts the basin margin westwards.
There is a major change in the lowest detachment
level from base Mississippian south of the boundary
to intra-basement to the north of the boundary a
change also noted by Stockmal (2001). The thick-
skinned province is characterized by the following.

† Basement-involved faults in the foothills which
affect structural geometry by evolving into
inverted extensional faults and by acting as trig-
gers for thin-skinned thrusts.

† A major regional detachment in lower Mississip-
pian shales (Cooper 2000), above which all strata
deform as a single, coherent tectonostratigraphic
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Detachment Fold Province
Thin-Skinned Thrust Province

Thick-Skinned Province
Plains

Front Ranges

Figure 10

Fig. 9. Structural zonation map of the foothills of British
Columbia; after Cooper (2000).
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unit creating detachment folds described by Fitz-
gerald (1968) and Thompson (1979).

† The timing of interaction between thin- and
thick-skinned deformation is variable.

In the external part of the foothills the structural
relief is lower and the folds are due to ramp anti-
clines that have a lower detachment in the early
Missippian Shales and an upper detachment in
lower Triassic Shales. There are also deeper detach-
ing faults in this part of the foothills that penetrate
the basement (Fig. 10) and often have trends
oblique to those of the thin-skinned Laramide
structures. These faults have a long and complex
history; some of them originated as Devonian
extensional faults whilst others originated as
compressional features related to earlier Palaeozoic
orogenic events. During the Late Palaeozoic and
Mesozoic some faults were reactivated as exten-
sional faults across which thickening of the strata
can be seen and at Cameron River the deposition
of Triassic sandstone reservoirs was controlled by
the extensional fault (Fig. 10). Many of these
faults were reactivated compressionally during the
Late Cretaceous deformation to produce broad
wavelength inversion anticlines (Fig. 10). A few
of these structures have significant amplitudes but

the majority only show subtle evidence of compres-
sional reactivation.

The differences in structural style in the Detach-
ment Fold and Thick-skinned province are due
partially to the more extensive development of a
pre-Laramide Devonian basin margin fault system
north of Williston Lake. However, another very
important factor in controlling the structural style
is the nature of the deformed mechanical strati-
graphy (Cooper 2000). To the south of the lateral
ramp the Mesozoic sequence is much more hetero-
geneous with, for example, rapid alternations of
sand and shales seen in the Lower Cretaceous. To
the north the whole sequence becomes dominated
by shales and in addition many of the Triassic
units subcrop the Cretaceous. It is also probable
that the facies changes that control the mechanical
stratigraphy are an indirect product of Devonian
extensional geometry and palaeogeography, that
is, more subsidence to the north in the Mesozoic
over previously attenuated lithosphere, resulting
in more deep-water shales than sands. Thus both
basement fabric and lithological distribution are
contributory factors to the style changes.

In the Cameron River inversion structure the
extensional fault creates accommodation space in
which the Triassic sands that form an important

Fig. 10. Regional and detailed structural cross-sections and the seismic line through the Cameron River structure, see
Figure 9 for location. The coloured boxes surrounding the text in the key indicate the seismic horizons on the seismic
line. Seismic line reproduced by kind permission of Sigma Explorations, Calgary.
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reservoir are deposited; these sands are not present
on the footwall of the fault to the east. The develop-
ment of the inversion anticline creates the trapping
geometry for the gas charge. Elsewhere in the region
other more subtle extensional faults that appear
to have a similar history have not inverted but set
up trigger points for thin skinned structures. The
regional extensional palaeogeography thus influ-
ences the initial thin-skinned deformation as well
as the thick-skinned inversion by controlling mech-
anical stratigraphy and therefore detachment level
and structural style. Recognizing the early exten-
sional history regionally is important both for inter-
preting other inversion structural traps and regional
play fairways where compression has overprinted
extension.

Inversion in the rift systems of central

Africa

The intracratonic rift system of western and central
Africa (Fig. 11) provides an opportunity to explore a
spectrum of relationships between initial extension

and later compressional inversion over a widespread
and genetically linked system, made up of multiple
basins with variable orientations and basin fill
histories. Examples from several basins highlight
the degree of compressional inversion as a function
in part of the orientation of compressional stress
with respect to original rift structures (Warren
2009). In some examples it is difficult in hanging
wall anticlines to distinguish the compressional
folding component from true extensional rollover
because the compressional inversion is so subtle
compared to the extension. However, the use of
regional elevation usually allows recognition of
even small amounts of inversion. Several other
examples illustrate how geometries traditionally
interpreted as ‘flower’ structures in areas of known
transpression/strike slip can be interpreted as inver-
sion structures when stratigraphic and structural
geometry are examined critically. Finally, much of
the western and central African rift system contains
recent or currently active hydrocarbon exploration
and production, providing additional insights into
the implications of even very subtle inversion for
petroleum systems and hydrocarbon prospectivity.
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Fig. 11. Mesozoic–Cenozoic rift system of western and central Africa. Individual basins referred to in text: T-LC,
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The main segments of the Mesozoic–Cenozoic
rift system (Fig. 11) coincide primarily with Pre-
cambrian crustal suture zones within the African
craton (e.g. Fairhead 1988; Daly et al. 1989). The
most significant Phanerozoic intracratonic rifting
occurred in the Early Cretaceous, in association
with south Atlantic opening and regional NE–SW
extension (e.g. Fairhead 1988; Fairhead & Binks
1991). NNW–SSE orientated extensional basins
developed extensively in two systems in western
Africa (e.g. Niger) and in east-central Africa (e.g.
Sudan), linked by the Central Africa Shear Zone
(Fairhead 1986, 1988; Genik 1993) dextral strike-
slip fault system and related transtensional basins
in central Africa. Fairhead (1986) has argued that
nearly 50 km of dextral strike-slip motion documen-
ted on the Central African Shear Zone is roughly
equivalent to the amount of extension in the rift
systems linked to the northwest and southeast of
the Central African Shear Zone.

Several kilometres of clastic sediments, primar-
ily lacustrine shales and arkosic sandstones, were
deposited in complexly faulted extensional/trans-
tensional basins (Schull 1988; Giedt 1990; Genik
1993 and references therein). By Late Albian time,
active rifting had given way to thermal subsidence,
allowing progradation of widespread fluvial, deltaic
and, locally in the west, marine facies into many of
the rift basins (Schull 1988; Genik 1993 and refer-
ences therein). Compressional inversion of many
earlier features occurred in Santonian time (Petters
& Ekweozor 1982; Genik 1993; Reynolds & Jones
2004), most likely related to change in relative
plate motions (Fairhead & Binks 1991) and speci-
fically convergence between Africa and Europe
(Ziegler 1989; Guiraud & Maurin 1992). Following
a widespread Santonian unconformity, there were
two cycles of renewed regional extension and subsi-
dence in latest Cretaceous and early Cenozoic time,
followed finally by widespread regional uplift
in Miocene time, particularly in western Africa
(Fairhead 1988).

It is important to note that according to most
sources the Santonian compressional stress was
nearly orthogonal to the Early Cretaceous extension
direction (Genik 1993 and references therein).
The resulting inversion is best documented in the
ENE–WSW orientated Benue, Logone Birni,
Bongor, Doba and Doseo basins (Figs 11 & 12a,
b; Petters & Ekweozor 1982; Fairhead 1988;
Genik 1993; Manga et al. 2001), perhaps because
their basin-controlling faults were more favourably
orientated with respect to later compressional stress.
Inversion is least pronounced in the WNW–ESE
Termit-Lake Chad, Muglad, Melut and other basins
(Figs 11 & 12c, d), where extensional geometries
are commonly fully preserved with little or no
direct evidence of compressional reactivation, and

latest Cretaceous and early Cenozoic subsidence is
more significant (Schull 1988; Giedt 1990; Genik
1993; Mohamed et al. 2000; Idris & Yongdi
2004). For example, the Niger Termit Basin
profile (Fig. 12d) shows a ‘classic’ rift geometry
with what appear to be simple extensional rollover
anticlinal geometry and depression below regional
elevations at the top Lower Cretaceous and top base-
ment horizons. In fact renewed extension and growth
faults are documented in the Late Cretaceous (Early
Senonian) in Sudan (Schull 1988; Giedt 1990), con-
temporaneous with compression in basins to the
west in Chad (Genik 1993). This is again consistent
with Sudan basin orientation at a low angle to
regional Santonian compressional stress. Although
seen in these examples over a wide geographic
area, these relationships highlight how even in a
single basin, early structures of different orientations
may experience different degrees of inversion due to
relative orientations to the compressional stress.

Even where most pronounced in favourably
orientated basins, the compressional overprint is
generally subtle compared to the extensional fault
geometry generated during Early Cretaceous
rifting, for example in Bongor and Doseo basins
(Genik 1993; Figs. 12a, b). Critical examination of
the geometry reveals the inversion component. For
example, inversion can be demonstrated easily for
the seismic interpretation shown in Figure 12b
with the following observations:

(1) thickening of Lower Cretaceous isochrons
from footwall to hanging wall across faults
showing net extension, yet elevation of top
Lower Cretaceous in hanging wall anticline
relative to footwall;

(2) thinning of uppermost Cretaceous interval
from FW to HW anticline;

(3) thinning and onlap of Cenozoic sedimentary
sequence onto a frontal monocline.

However, some structures (Fig. 13) are far less
clearly the result of inversion without more careful
scrutiny. The section in Figure 13a has been
interpreted as purely extensional (Mohamed et al.
2000), but close examination reveals subtle yet
convincing evidence for inversion. The Heglig oil
field is placed within an asymmetric graben that is
dominated by a series of southwest-dipping exten-
sional faults. From NE to SW there is thickening
of both Lower Cretaceous and the lower Upper
Cretaceous intervals across the faults, and the top
Lower Cretaceous shows net extension across the
faults. Yet where the thickening across faults is
most apparent in the lower Upper Cretaceous, the
intermediate Upper Cretaceous horizon (top
reservoir sands) is also structurally elevated in
hanging wall relative to footwall, indicating slight
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inversion during Late Cretaceous time. There is
also arguably a footwall shortcut splay at the NE
edge of the Heglig field graben and inversion
fairway, where compressional faulting has cut
through the basement into the adjacent half-graben
at the northeast edge of the basin. In this case the
footwall shortcut can be recognized because the
basal Upper Cretaceous and especially Lower Cre-
taceous intervals are notably thinned above a tilted
basement high in the hanging wall, but horizons
are very subtly elevated in the hanging wall, particu-
larly the top Lower Cretaceous. Finally, the inter-
preted fault geometry of Mohamed et al. (2000)
suggests there may be an incipient footwall shortcut
developed in the basement at the NE edge of the
basin, although there is no clear evidence for inver-
sion along the basin-bounding extensional faults.

Once inversion is recognized in profiles such as
outlined above, other ‘extensional’ examples in
the rift basins may perhaps be questioned, including
two cited above (Fig. 12c, d). The Unity oil field
(Fig. 12c) is located in the same area of the Muglad

basin as the Heglig basin and has also been inter-
preted as the product of trapping extensional faults
and rollover anticline geometry (Giedt 1990).
However it is possible that there is slight structural
compressional folding and elevation displayed
at horizons near the top Cretaceous, although all
horizons appear to be depressed below regional
elevation.

Inversion can also be recognized in structures
originally interpreted simply as transpressional or
‘flower’ structures on seismic data. The seismic
interpretation example in Figure 13b clearly shows
a syn-rift growth sequence although it was not
recognized by the original authors (Manga et al.
2001), revealed by steeper dips into the basin-
bounding fault at depth. It is not possible to tell
whether the top of the syn-rift section is above, at
or below regional elevation relative to the footwall
of the master fault, but the top syn-rift has been
gently folded and at least one of the antithetic
faults shows compressional offset. Therefore even
without confident seismic correlations, geometric

Fig. 12. Structural styles in the western and central Africa rift system: (a) Cross-section showing inversion in Bongor
Basin, more notable in northern portion of basin. After Genik (1993). (b) Inversion structure and petroleum trap in
Doseo basin. Redrawn from interpreted seismic section in Genik 1993. (c) Cross-section showing preserved extensional
geometry and setting of the Unity Field, Muglad Basin, Sudan. After Giedt (1990). (d) Cross-section showing preserved
extensional geometry, Termit Basin, Niger. After Genik (1993). See text for discussion of (a–d) and Figure 11
for locations.
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relationships alone indicate a subtly inverted
syn-rift basin. The second example (Fig. 13c)
shows an asymmetric graben, originally described
as a ‘half-flower’ structure (Manga et al. 2001).
Two syn-rift growth sections are suggested by dip
changes with depth beneath the sub-Upper Cretac-
eous unconformity: an older interval that thickens
to the south, associated with initial motion on the
southern basin-bounding fault, and a younger
interval that thickens to the north associated with
later motion on the northern basin-bounding fault.
In this case the southern basin-bounding fault has
been noticeably compressionally reactivated,
causing uplift and erosional truncation of Lower
Cretaceous sediments. The ‘flower’ geometry is
for the most part the preserved synthetic and anti-
thetic fault geometry of the original extensional
basin, with the exception of the immediate hanging
wall of the southern basin-bounding fault where the
minor faults clearly show compressional reactiva-
tion. In both of these examples, the structures may
have a strong transpressional component, but the
important point is that an early extensional history
is also recognized.

The distinction between simple extension and
partial inversion, or between simple transpression
and transpressional inversion, is of significant prac-
tical value when considering the impact on pet-
roleum system risks and opportunities. The main
source rocks in the western and central African rift
system are contained in the thick, primarily lacus-
trine Lower Cretaceous syn-rift sequences (Schull
1988; Genik 1993; Mohamed et al. 1999, 2000;
Tong et al. 2005), although source rocks may
occur also in Upper Cretaceous to Cenozoic lacus-
trine or marine shales (Petters & Ekweozor 1982;
Genik 1993; Tong et al. 2005). The most important
reservoirs are fluvial and locally shallow marine
sandstones in the Upper Cretaceous to Cenozoic
post-rift sequences, with lesser lacustrine reservoir
sandstones in the Lower Cretaceous (e.g. Schull
1988; Genik 1993 and references therein). Seals
are Upper Cretaceous and Cenozoic terrestrial or
lacustrine shales, or intraformational lacustrine
shales in the Lower Cretaceous (e.g. Schull 1988;
Genik 1993 and references therein).

Trap geometries and risks are dependent on the
degree of inversion. Lack of significant inversion

Fig. 13. Recognizing inversion versus simple extension or strike-slip, central Africa: (a) Preserved extensional
geometry, interpreted inversion fairway and setting for the Heglig oil field, Muglad basin, Sudan. Redrawn from
interpreted seismic section in Mohamed et al. (2000). (b) Previously interpreted ‘flower structure’ in Logone Birni
basin, Cameroon, revealed as partly inverted syn-rift growth section. Bold dashed line at base of section indicates
proposed extension of basin-bounding fault at depth; more compatible with the growth section present than the
south-dipping fault shown on the original. Redrawn from interpreted seismic section in Manga et al. (2001).
(c) Previously interpreted ‘half-flower’ structure in Logone Birni basin, Cameroon, showing syn-rift growth sections
associated with both basin-bounding faults, and inversion on the southern fault. Redrawn from interpreted seismic
section in Manga et al. (2001). See text for discussion of (a–c) and Figure 11 for locations.
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overprint favoured preservation of original exten-
sional fault trap geometry, without hydrocarbon
re-migration or leakage. In these cases most of the
extensional geometry also was in place early rela-
tive to maturation of oldest source rocks and so
could trap the earliest migrated hydrocarbons.
Finally, structures remained fully buried rather
than uplifted and partly eroded, thus preserving
seals. These favourable conditions may be partly
responsible for several large established hydro-
carbon fields in Sudan for example, Muglad and
Melut basins (Schull 1988; Mohamed et al. 2000;
Idris & Yongdi 2004; Tong et al. 2005), where
basins and largest extensional structures are orien-
tated NNW–SSE and therefore least favourable
for reactivation during the Santonian compressional
event. However, simple tilted extensional fault
blocks require lateral fault seal and therefore this
is a key exploration risk (Idris & Yongdi 2004).

Where significant enough to elevate the top of
the syn-rift sequence above regional elevation,
compressional/transpressional inversion created
the opportunity for four-way dip closed structures
that did not depend on fault juxtaposition or shale
smear seal. Inversion anticlines form the main
hydrocarbon traps in the more east–west orientated
basins (Genik 1993; Reynolds & Jones 2004), in
contrast to the more north–south basins where
extensional fault blocks are the main traps.
However, inversion anticlines may post-date initial
migration from syn-rift source rocks, introducing a
charge risk, although in general renewed subsidence
in latest Cretaceous time allowed continued hydro-
carbon generation and migration (Genik 1993).
Because the compression modified the original
extensional geometries there is risk of loss of hydro-
carbons during re-migration (Petters & Ekweozor
1982), for example upward along non-sealing
faults (e.g. Giedt 1990) that may be, as outlined
above, younger inversion faults even if they still
display a net extensional offset. Perhaps the most
significant potential exploration risks result from
the fact that inverted basins have been uplifted as
much as 2 km (Genik 1993; Manga et al. 2001),
potentially eroding seals and eroding the best
Upper Cretaceous to Cenozoic fluvial reservoirs
beneath the Santonian unconformity (Figs 12a &
13b, c). Significant uncertainty also adds to risk
because the erosional basin edge is no longer coinci-
dent with the original depositional edge of the basin
(e.g. Doba & Bongor Basins; Genik 1993), so that
seismic or other data may not detail original basin-
bounding extensional fault geometry and related
sediment entry pathways to the basin. Uplift also
potentially exposed light hydrocarbon accumu-
lations to meteoric waters and cooler temperatures,
resulting in a biodegradation risk (Petters &
Ekweozor 1982; Genik 1993; Manga et al. 2001).

Recognizing inversion in settings dominated

by thin-skinned and strike-slip structures

The presence of inverted extensional faults may be
overlooked initially in basins with well documented
thin-skinned fold-thrust belts or in transpressional
settings with abundant anticlinal positive flower
structures. This is especially true when deep (i.e.
near basement) subsurface data is lacking. For
example in the Canadian Rockies the work of
Bally et al. (1966) and many others established the
dominantly thin-skinned nature and evolution of
this orogenic belt. However more recent and abun-
dant drilling, seismic and surface geological data
have revealed the presence of inversion both in the
emergent fold-thrust belt and in the adjacent part
of the foreland basin (e.g. Colpron et al. 1998;
Lemieux 1999; Cooper 2000). In many other fold
and thrust belts initial pure thin-skinned models
have been updated to hybrid models involving
both thick and thin-skinned compressional struc-
tures, for example, compare the cross-sections
through the Papuan fold belt by Hobson (1986)
with those of Hill (1991) and the numerous
examples given by Coward (1996) and Uliana
et al. (1995).

Similarly in some current transpressional set-
tings, an inversion component of transpressional
anticlines may not be recognized if there are not
adequate seismic data or deep well data to identify
an earlier syn-extensional stratigraphic section.
However with critical examination and integration
of well data, seismic data isochrons and/or equival-
ent surface lithofacies and thickness data, the
interpreter in either tectonic setting should be able
to able to recognize inversion readily as illustrated
by the case studies presented in this paper. Coward
(1996) and Cooper (1996) also have presented some
excellent examples of how this approach can facili-
tate the recognition of inversion structures.

Recognizing inversion in addition to simple
thin-skinned or transpressional tectonics is critical
for complete understanding of potential petroleum
systems, as discussed in the next section. Examples
given by Vann et al. (1986) and Cooper (1996) illus-
trate the impact of thin-skinned versus thick-
skinned structural interpretations on hydrocarbon
prospectivity at mountain fronts (Fig. 14).

Inversion structures and petroleum

system elements

The review presented above of some examples
of inversion structures shows that such structures
can be important hydrocarbon plays in both
mature and under-explored areas. Previous papers
have discussed the importance of inversion on the
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understanding of hydrocarbon prospectivity. For
example, Charlton (2004) presents some well-
documented examples of inversion structures
in the Banda Arc and discusses at length the
relationship of the petroleum system elements to
the tectonic evolution of the inversion structures.
Macgregor (1995) reviews the characteristics of
hydrocarbon provinces that have suffered differing
degrees of inversion and discusses how mild
inversion can create large simple anticlinal traps
with migration from the surrounding synchronously
active source kitchens. Sibson (2003) has argued
that large amplitude fluid-pressure cycles due to
fault-valve action during inversion of extensional
faults may contribute to hydrocarbon migration.
This is supported by evidence that hydrocarbon
migration into inversion traps is synchronous with
trap development (Macgregor 1995; Butler 1998).

The pre-cursor extensional fault commonly con-
trols reservoir distribution in the hanging wall of
the fault system (Fig. 15) for example, late Jurassic
sand distribution in the UK Central North Sea
(Roberts et al. 1990; Roberts 1991; Schmitt &
Gordon 1991) and in some circumstances in the
footwall as illustrated by the West Newfoundland
case study and by the onlap and erosional truncation
of sands onto the footwall crests of tilted fault blocks
in the North Sea, for example, Farquharson &
Gibson (2005). The accommodation space created

during extension can also control source rocks dis-
tribution (Fig. 15) as illustrated by the NE Thailand
and central Africa case studies and the deposition of
the Kimmeridge Clay in the UK North Sea. Exten-
sional faulting can also control source maturation
in the fault controlled depocentre, for example, the
Wessex Basin of southern England (Buchanan 1998)
and numerous examples in Africa. The extensional
faulting can also create structural trap geometries
in both the footwall and hanging wall of the fault
that can be preserved following inversion of the
structure as is well illustrated in the Wessex Basin
(Butler 1998) and the Doseo Basin (Genik 1993;
& Fig. 12b).

The compressional inversion of the extensional
fault system will principally affect structural trap
configurations, creating new trap geometries such
as footwall shortcut structures and the inversion
anticline (Fig. 15). These features are a common
theme through all of the case studies presented.
The inversion can also modify older structural trap
geometries which could result in the re-migration
of pre-inversion hydrocarbon accumulations for
example, the Logone Birni Basin in Central Africa
and possibly some of the Sudanese rifts (Manga
et al. 2001; Giedt 1990). The geometric changes
resulting from inversion can also create new trap
geometries, for example, by turning a facies
change from reservoir to seal in a down dip direction

Fig. 14. An example of a thin-skinned paradigm cross-section from the northern Magallanes Basin in Argentina after
Ramos (1989) with an alternative thick-skinned model after Cooper (1996).
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into a viable stratigraphic trap that occurs in an
updip direction (Fig. 15). However, the uplift
above regional elevation that is a product of inver-
sion, if significant, can result in erosion of one or
more critical components of the petroleum system.

Conclusion

Based on the geometric criteria and illustrative case
studies described in this paper it has been shown
that inversion structures have easily recognizable
geometric characteristics, the key ones being:

1. a syn-rift (or passive infill) sequence should be
recognizable in all inversion structures;

2. the hanging wall of an inverted fault has marker
horizons that display different elevations above
and/or below their respective regionals;

3. an asymmetric monocline faces the footwall
with the crest located above the syn-rift
depocentre;

4. footwall shortcut thrusts commonly develop
that create a fault trajectory more favourably
orientated to the compressional stress for effi-
cient shortening to occur.

Footwall shortcuts and anticlines above inverted
master extensional faults can create potential hydro-
carbon traps that offer attractive exploration targets
as illustrated by the four case studies presented.
However, whilst inversion can create structural
traps it can also destroy earlier structural trap geo-
metries developed during the extensional faulting
or modify this earlier trap geometry and cause
re-migration of earlier hydrocarbon accumulations
into the new, modified traps. The degree of inver-
sion that develops will be significantly influenced
by the relative magnitudes of the extensional and
compressional stresses and their durations. The geo-
metry and degree of inversion will also be controlled
by the orientation between the original extensional
structures and the subsequent compressional stres-
ses. If the compressional stress is at a low oblique
angle to the trend of the extensional fault then strike-
slip motion will dominate and the degree of inver-
sion due to dip slip will be limited. As the angle
between the compressional stress and the trend of
the extensional fault increases the proportion of
dip-slip motion and hence inversion will increase.

The extensional phase of fault development in an
inversion structure can control the following pet-
roleum system elements.

Extensional half-graben

Inverted half-graben

Incipient footwall
shortcut fault

Footwall
shortcut fault

Source deposited
in starved half-
graben

Reservoir derived
from HW

Reservoir facies in
immediate HW

Inversion creates
structural/strat trap Inversion

creates traps

Fig. 15. The impact of inversion structures on petroleum system elements; see text for discussion.
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1. Source rock distribution, for example, the
Triassic lacustrine source rocks in NE
Thailand, particularly in situations where the
evolving basin is starved of sediment and
anoxic conditions develop due to restricted
circulation, for example, the Kimmeridge
Clay in the UK Central North Sea.

2. Reservoir distribution and deposition; as
accommodation space is created during exten-
sional faulting the extensional fault geometries
and in particular transfer zones and relay ramps
will strongly control sediment dispersion
pathways into the developing basin. This is a
major factor in controlling where reservoir
facies will be deposited (Gawthorpe & Leeder
2000).

3. Seal distribution, for example, intraformational
shales that commonly separate reservoir sands
in extensional basins (Gawthorpe & Leeder
2000).

Inversion structures in some fold and thrust belts
have not always been recognized due to the domi-
nance of thin-skinned structures and interpretations,
for example, in the Canadian Rockies, or due to
confusion with strike-slip ‘flower’ structures, for
example, in the African rift systems. This has
often resulted from the lack of sufficient data and
the failure to apply critically the geometric and
stratigraphic criteria outlined in this paper.

We would like to acknowledge G. Rait, A. Ferster and
E. Trevisanut for comments on the manuscript;
R. Graham, A. Gibbs and R. Law for insightful reviews
and Sigma Explorations for permission to publish the
seismic line in Figure 10.
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Bassins fermés des Préalpes suisses (Jérémine), 38
BC foothills, 834
Bealach Traligill Fault, 347
Beinn Aird da Loch, 300
Beinn an Fhurain, 30
Beinn nan Chaimh-seag, 30
Beinn Uidhe Thrust, 342
Bell, A. M., 475
Ben Arnaboll, 524, 529

Arnaboll Thrust Sheet, 325
clean copy map series, 324
map, 322
Moine Thrust, 527
pegmatitic material, 327
quartz fabrics, 478, 530
quartzites, 445
thrusts contour map, 331

Benbecula, 66
Ben Fhurain Thrust, 397, 399
Ben Hee area, 258–260, 268, 455
Ben Hee–Loch More area, 446, 483
Ben Hope Nappe, 631, 638

fabric development, 366
folds, 378
psammites, 366
psammitic rocks, 369

Ben Hope Phase, 376
Ben Hope Thrust, 365, 371, 455

geological map, 506
microstructures and quartz fabrics, 485

Ben Hope Zone, 530
Ben Loyal, 812–813
Ben More Nappe, 34
Ben More Thrust, 30, 342, 344, 387, 396

sheet, 340, 479
Ben Stack, 57
Ben Tongue conglomerate, 817
Ben Vuirich Granite, 128
Ben Wyvis area, 446, 454
Bequerel, H., 81
Bergen Arc Shear Zone, 781
Bergen District, 36
Bertrand, M., 23
Beyond Hope duplex, 299, 479
BGS. See British Geological Survey (BGS)
Biharmonic equation, 752
Biotite, 56

bearing gneisses, 108
cordierite zone, 140

Birmingham University, 38, 494
BIRPS. See British Institutions Reflection Profiling

Syndicate (BIRPS)
Blackbourn, 817
Black flinty material, 527
Blenkinsop, T., 475
Bongor basins, 837
Bonney, T. G., 445, 447, 449, 510

cataclasite, 534
great earth movements, 522
microstructures significance, 470

INDEX848



Borolanite mass, 30, 391
Borralan alkaline intrusions and thrusting relationships

Moine Thrust zone, southern Assynt culmination,
383–400

intrusions, 387, 399
Loch Borralan pluton, 390–393
Loch Urigill carbonatite outcrops, 393
margins, 392
thrusting and mylonitization relationship, 394

Borralan igneous complex, 295
Borralan pluton, 396

pseudoleucite aggregates structural data, 391
Bosnia-Herzgovina, 36
Bouguer gravity anomaly map, 372
Boulonnais, 36
Boulton, W. S., 38
Bowler, S., 475, 479
Boyd Bastionen Fault, 778
Boyndie Bay

Portsoy transect, 137
vergence changes, 138

Boyndie Syncline, 125
Buchan Block, 126
formation, 138
Scotland lithospheric scale, 155–156

Boyne Castle Limestone, 136
Breabag Dome, 343, 344

fold-and-thrust duplex system, 346
Breabag Stronchrubbie System area, 344, 345, 349
Breaching, 303
Brioverian rocks, 36
British Association for the Advancement of Science,

29, 34
British Columbia, 834
British Geological Survey (BGS), 7, 47, 272, 363, 387

Assynt map (1923), 436
British Institutions Reflection Profiling Syndicate (BIRPS),

309, 799
Brittany

metamorphic rocks, 38
Proterozoic Brioverian rocks, 36

Brøgger, W., 23
Bronzite picrites, 62
BSE. See Back scatter electron (BSE)
Bua lighthouse structures, 729
Bua mylonites

dextral strike-slip structures, 724
inclined transpression model, 724
lineation, 726

Bua peninsula
aeromagnetic data, 725
north-dipping foliation, 725
strain pattern, 724

Buchan Anticline, 126
Buchan Block

Boyndie Syncline, 126
map, 124, 124
PSZ, 140

Buchan Block-type units, 154
Buchan metamorphism, 121, 122, 153

sequences, 122
Buchan-type units, 153
Butler, R., 474–475, 598

Cadell, H. M., 14, 18, 23, 511
1885 notebook, 19

Calc-alkaline magmatism, 218, 387–393, 489
Caledonian allochthons, 779

Caledonian crustal architecture
contractional folds and thrusts, 212–213
evolution, 207–223
extensional shear zones and faults, 219–221
Foreland Basin evolution, 222
migmatite cores and magmatism, 218–219
mountain building processes, 207–223
orogen parallel displacements, 221–222
regional high-grade metamorphism, 213–218
regional suture zones, 210–212
strike slip faulting, 221–222
tectonic framework, 208

Caledonian Foreland, 810
Colour Landsat image, 798
cross-cutting relationships, 807
faulting, 807–809

Caledonian metamorphism, 239
mineral assemblages, 781

Caledonian nappe stratigraphy, 781
Caledonian Orogen, 165, 362, 383, 385, 462, 767

Baltica-Laurentia collision, 362
belt, 303
greenschist-amphibolite facies, 256
kinematic extrusion, 785
Palaeozoic Laurentia–Baltica collisional suture, 190
wedge, 779

Caledonian S-type granitoids, 772
Caledonian thrust

kinematic indicators, 769
systems, 316, 819

Caledonides
deep crustal structure, 213
extensional collapse, 776
extensional detachment formation modes, 770
geochronology data, 217
geological and structural framework, 209
Laurentia, 208
Laurentian side, 216
metamorphic histories, 217
orogenic activity timing, 773, 773
orogen parallel displacements, 222
reconcile regional extensions, 786
syn-collisional extension, 785
systematic mapping of metamorphic

conditions, 769
tectonic model, 211

Callaway, C., 9, 297, 445, 447, 449, 512, 520, 544
Eriboll area, 511
flattened relic detrital grains, 486
microstructures significance, 470
Murchisonian hypothesis, 510
overthrusting, 513
slickensides, 521
worm burrows, 445, 544

Cambrian
palaeomagnetic poles, 200

Cambrian age Fucoid Beds, 284
Cambrian Pipe Rock, 480
Cambrian quartzites, 190, 304, 325, 466, 582

vorticity numbers, 585, 587, 643–644
Cambridge, 38, 46
Cambro-Ordovician

basinal shales, 831
shelf sequence, 52
stratigraphy, 21

Cameron River structure, 834
cross-sections and seismic line, 835

Cam Loch klippe, 396

INDEX 849



Cam Loch Thrust, 397
Canadian Rockies, 840, 843

lateral changes, 352
Canisp Shear Zone, 353

dextral transpression, 60
Inverian shear zone, 72
OTZ, 375
reworking, 55
shearing, 56
simple shear with dextral sense, 59

Cantabrian Mountains, 409
Cape Cormorant Conglomerate deposition, 831
Cape Wrath, 807

aerial photograph, 806–807
dykes, 55, 57
pyroxene-gneiss, 57

Carboniferous rocks
Ayrshire, 40
Yorkshire, 39

Carn Chuinneag-Inchbae hornfelses, 39, 247
Carn Gorm, 239

pegmatites, 242
Carpathians, 36
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The world’s mountain ranges are the clearest manifestations of long-term deformation of the continental
crust. As such they have attracted geological investigations for centuries. Throughout this long history of
research a few keynote publications stand out. One of the most important is the Geological Survey’s
1907 Memoir on The Geological Structure of the North-West Highlands of Scotland. The Memoir summar-
ized some of the Geological Survey’s finest work, and outlined many of the principles of field-based struc-
tural and tectonic analysis that have subsequently guided generations of geologists working in other
mountain belts, both ancient and modern. The thematic set of 32 papers in this Special Publication celebrate
the 100th anniversary of the 1907 Memoir by placing the original findings in both historical and modern
contexts, and juxtaposing them against present-day studies of deformation processes operating not only
in the NW Highlands, but also in other mountain belts.
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