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The evolution of the North Atlantic Igneous Province
and the opening of the NE Atlantic rift

DAVID W. JOLLEY'! & BRIAN R. BELL’

U Department of Animal and Plant Sciences, University of Sheffield,
Alfred Denny Building, Western Bank, Sheffield S10 2TN, UK
(e-mail. d jolley@ sheffield.ac.uk)

2 Division of Earth Sciences, University of Glasgow, Lilvbank Gardens,
Glasgow G 12 8QQ, UK (e-mail: bbelliwearthsci.gla.ac.uk )

The papers 1n this volume represent a step lorward in our knowledge of the geolog-
ical evolution of the North Atlantic from the Cretaceous—Palacogene boundary
through to the early Eocene. With the increase in hydrocarbon exploration activities
in the Faroe—Shetland Basin (Fig. 1), new interpretations of the regional geology have
become increasingly important, and the accuracy of the time frame for this work is
vital to our understanding of the sequence of volcanic and sedimentary events.

The synthesis of data relating to Palacogene volcanism and sedimentation along
the Norwegian Margin by Eldholm er af. emphasizes the importance of transfer
zones, possibly inherited from the Proterozoic basement, mn the distribution of
sediments and velcanic products during rifting (Fig. 2). Furthermore, subsequent
uplift and the development of marginal highs are invoked as factors which affected
water circulation within the basins, leading Lo 4 deterioration in the Eocene climate.
This work identifies the relevance of the North Atlantic Igneous Province (NAIP) as
an influence on environmental svstems on a global scale,

Ar—Ar and Pb-U isotopic age data show that the main period of continental
flood basalt volcanism in the NATP extended (rom ¢. 60.5 Ma through to ¢. 54.5Ma
{Tuble 1). Biostratigraphical analysis of these volcanic sedimentary sections (Jolley
et af. 2002) shows that the onset of (his interval equates to the Late Paleocene
Thermal Maximum (LPTM). New isotopic dating of the oldest part of the volcanic
sequence on the Faroe lslands, the Lower Formation, by Waagstein et al. has further
confirmed the age for the interval around the LPTM (Fig. 3). However, problems
remain with regard to the identification of normal polarity events within these lavas,
recognized as Chrons 25n and 26n. Stratigraphy withun the Faroe Shetland Basin has
benefited Irom the identification of genetic depositional sequences by Ebdon
et al. (1993), based on the BP interpretaton of geophysical and biostratigraphical
information (Fig. 3). This approach subdivides the sediments of the basin into a
number of depositional sequences (T10-T60). Palynofloras (Ellis et al.; Jolley ef al.
2002) attributable to the upper part of Sequence T40 {Ebdoen et afl. 1995) are recov-
ered from the exposed Lower Formation of the Faroe Islands, confirming that
the two normal polarity events present in the Lower Formation are cryptochrons.

From: Jorcey, 0 W & Brri, B. R. (eds) The North Atlanric {gneous Province: Stratipraphy, Tectonic,
Feolcanic and Magmatic Processes, Geological Sooety, Tondon, Special Publications, 197, 1-13. 0303-
8719402;515.00 > The Geological Socicty of London 2002,
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Fig. 1. Location map of the NE Atlantic Margin restored to pre-rift geography.
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Fig. 2. Location and major structural map of the Faroe Shetland Basin and adjoining areas.

Cryptochrons of this age are recorded in equivalent Chron 25n sedimentary rocks of
the London Basin by Ali & Jolley (1996) and in the Mull Lava Field by Chambers &
Pringle (2002; Fig. 3).

Correlation of the lavas on the Faroe Islands with those from Kangerlussuaq in
East Greenland has been achieved using geochemical data {(Larsen er al. 1999).
Additional biestratigraphical information [rom the underlving sedimentary rocks in
East Greenland has shown that the oldest lavas, those of the Nansen Fjord Forma-
tion (Fig. 3), were erupted in the latter part of Sequence T40 times {Jolley & Whitham
2001} A large unconformity separates the sub basaltic Lower Eocene sedimentary
rocks {rom those of the underlying Upper Cretaceous. Although approximalte ages,
based around isotopic dates, were given by Larsen et «f. (1999), Hansen et al. have
analysed the oldest lavas in the Nansen Fjord Formation and other vounger flows.
These Nansen Fjord Formation Ar -Ar dates were given to 2¢, and consequenily have
greater experimental errors. Despite this they are consistent with the 57.5-60.56 Ma
range of isotopic dates recorded from the Sequence T40 interval within the NAIP
(Jolley et af. 2002), including the age data presented here by Wagstein ef al., for the
Furoes Lower Formation. Of equal significance. is the recognition of lavas erupted in
East Greenland during the interval represented by sedimentary sequences T45 and
T50 (Ebdon et af. 1995). In their analysis of Milne Land Formation lavas, Hansen et
al. present dates within the envelepe of 57.0 Ma to 53.5 Ma already recorded from



able 1. Summary table of recently published North Atlantic Tgneous Provinee sotopic dates
Table 1. § 1 rabl thy published North Atlantic Ig P pic i

Location Age Method  Author
Faroe 1slands
Lower formation lava 56.5+13t0 589+ 1.3 KjAr Waagstein et al.
Lower FM lava, Lopra 60.0+2.1to 63,1+ 1.8  ArfAr  Waagstein er al.
Lower formation lava 35709 AriAr  Waagstein ef al.
Skye
Coire Uagneich granite 39.3 Rb-8r  Dickin 1981
Loch Ainort granite 58.58+0.13 Ar/Ar  Chambers & Pringle 2001
Cuillins centre 35891 +0.7 U/Pb Hamilton e af. 1998
Main lava series 59.83 . 0.12 AriAr  Chambers & Pringle 2001
Mull
Dykes 58.124+0.13 AriAr  Chambers & Pringle 2001
Loch Ba ring dyke 5548 +0.18 AriAr  Chambers & Pringle 2001
Loch Ba ring dyke 58.7 + Q.1 Pb/U Hamilton. pers. comm. in
Jolley er af. 2002
Cenlral group lavas 59.05 1 0.27 ArfAr  Chambers & Pringle 2001
Staffa group lava 60.56 | 0.29 Ar/Ar  Chambers & Pringle 2001
Plateau group lava S8.66 | 0.25 AriAr  Chambers & Fitton 2000
Muck
Eigg lava FM 628406 AriAr  Pearson er af 1996
Eigg lava FM 624 +0.6 AriAr Pearson e af. 1996
Rum
Lavered lgneous complex 60,53 + 0.08 U/Pb Hamilton er af. 1998
Hebrides terrace
Borchole 85/5B lava 564 0.7 AriAr Sinton er af. 199K
West Greenland
Maligat FM 60.1+2.2 ArfAr Storey et al. 1998
60.54+0.9 ArfAr Storey er al. [998
6l.o+1.2 AriAr Storey ef af. 1998
Vaigat FM 603+1.3 AriAr  Storey er al. 1998
6034 1.0 Ar/Ar Storey ef af. 1998
60.4 4+90.8 ArfAr Storey er al. 1998
Voring Platean
Lower series fava 543 +05 AriAr  Sinton et of. 1998
Lower series lava 3794 1.0 AriAr Sinton er al. 1998
Lower scrics lava 356120 AT/AT Sinton et af. 1994
Irmiger Basin
QDPI152-817A S2R-1 46CM 617405 AriAr  Simlon & Duncan 1998
Contincntal succession 60.5+0.2 AriAr Wemer ef al. 1998
Continental succession 60.3+0.2 AriAr Werner er af. 1998
Oceanic succession 3471 1.8 AriAr Werner ¢t al. 1998
East Greentand lava 587+14 ArfAr  Upton ef of. 1995
Kangerlussug Sili 563409 ATiAT Tegner ef af. 1998
Kangerlussuq Sili 56.0+0.4 ArfAr Tegner er af. 1998
Tephra 53.85+03 AriAT Ieister er af. 2001
North Sea
Sele FM-17 ush S4.040.53 AriAr Berggren ef af. 1995
Sele FM-17 ash 54.04 | (.33 AriAY Berggren et al. 1995
Sele FM-17 ash 54 51 +0.05 Aridr Berggren er af. 1995
Sele FM-17 ash 54 564014 AriAr Berggren er af. 1995
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Fig. 3. Stratigraphical panel showing the correlation of rocks within the North Auaniic
Igneous Provinee. Isotopic dates derived from rocks in the northeast Atiantic Margin and west
Greenland are shown on the left alongside nannofossil zoncs identified from sections within
the province.

volcanic rocks within this interval (Jolley ef «f. 2002). These data, provide further
evidence for the slow-down in both eruption and sedimentation rates at the onsel of
Sequence T45 sedimentation.

The biostratigraphical analysis of the pre-volcunic Danian—Selandian Kangilia
Formation of West Greenland (Nehr-Hansen et al) provides a valuable building
block in our stratigraphical knowledge of the North Atlantic region. This analysis
identifies the existence of calcarcous nannoflossil zones NP1 to NP4 within the
formation. Combined with the isotopic dating of the overlying volcunic rocks of the
Vaigat Formation by Storey er of (1995), and the additional biostratigraphical
analysis of Piascki et al. (1992), these nannofossil zones help to clarify aspects of
NATP Early Paleoccene depositional history. Overlying these nannofossil-dated
sediments, the lavas and hyaloclastites of the Vaigat Formation in West Greenland
vield isochron ages ranging from 61.6 to 59.0 Ma. Dinoltagellate cyst floras recovered
by Piaseki er al. (1992}, from the lower Ordlingassog Member, Vaigat Formation
(Fig. 3), included Isabelladinium viborgense, a laxen which became extinct within
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Scquence T3] times in the Faroe—Shetland Basin. Similarly, the occurrences of
Alisocysta margarita in1 the basal sedimentary units of the Vaigat Formation demon-
strate an age no older than the first appearance of this taxon in intra-Sequence T25
deposits of the Faroe -Shetland Basin,

Whereas it remains difficult to constrain the upper age limit of the Vaigat Forma-
tion, the presence of a normal polarity zone in the upper flows suggests cessation of
voleanic activity during Chron 26n {Fig. 3). Identification of the duration of eruption
of the Vaigat Formation as spanning the intra T25 to intra T36 interval highlights
its co-occurrence with tuffaceocus deposits in the Vaila Formation of the Faroe
Shetland Basin. Common occurrences of the dinoflagellate cyst Palaeocystodinium
builiforme in preparations made by us from tulfaceous claystones in BGS borehole
82/12 (Mortlon et af. 1988), demonstrate the widespread nature (Fig. 2) of the earliest
of these Selandian ashes in Vaila Formation units 2 and 3, and equivalent sedimen-
tary umits (Fig. 3}, While Morton ef af. ([988) discounted the British Tertiary
Igneous Provinee as a source of these ashes on the basis of geochemical evidence, an
cast Greenland Faroe Islands origin was regarded as plausible. However, the age
of the onshore Farce Islands and East Greenland lava fields discounts them as a
source for these ashes, suggesting an as yet unidentified igneous centre in the offshore
NE Atlantic.

Somewhat younger than these Vaila Fm Unit 2 ashes are the thick volcaniclastic
sandstones of the Kettla Member (Lamba Formatien), also in the Faroe—Shetland
Basin {Fig. 2). These are probably coeval with the last stages of Vaigat Formation
(Ordlingassog Member) volcanism in west Greenland, but again a direct link with
that source remains unproven. The Kettla Member 1s a widespread vnit of siliciclastic
and voleaniclastic sandstones, composed of quartz, degraded feldspars, lithoclasts of
reworked basaltic debris and basaltic ash. This deposit represent the contempora-
neous re-sedimentation of volcanic debris and silicicalstic sediment derived from an
area of active pyroclastic eruption. These mixed, immature sediments were trans-
ported from the neritic zone where they accumulated, into a deep water environment
as density lows.

Overlying the Vaigat Formation volcanic rocks are those of the Maligat Forma-
tion. [sotopic dating by Storey ef al. (1998) idenlified a range of 1sochron ages, from
61.4 Ma through to 57.9 Ma. Some dinoflagellate cysts were reported by Plaseki er af.
(1992) from sedimentary rocks at the base of the Rinks Dal Member (Fig. 3), including
Deflandrea oebsifeldensis, Cerodinium glabran and Glaphvrocvsta species. Of these.
i}. pebisfeldensis first appears at the base of Sequence T40, a period which also sees a
bloom 1 numbers of C. glabrum and Glaphyrocysia species in the Faroe—Shetland
Basin. Although Piaseki et af (1992) commented on the absence of Apecrodinium
species from this assemblage, elsewhere Apectodinium does not occur commonly until
post-LPTM assemblages are encountered (i.e. in mid-Sequence T40 times; Fig. 3}
Given the age of the underlying Vaigat Formaltion, and the normal magnetisation of
the basal units of the Rinks Dal Member, the Maligat Formation phase of voleanism
can be interpreted as commencing in early Sequence T40 times. Active eruption
appears to have been shorilived, the isotopic dates of Storey er af. (1998) indicating
a cessation in Maligat Fm eruption at the top of the T40 interval. This eruption is
coeval with the Faroes Lopra-1 and Lower Formation eruptions, and with other
centres 1n the east, for example, Erlend {(Jolley & Bell).
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Development of the NAIP volcanic sequences and the initiation of the
NE Atlantic rift

The stratigraphical correlation presented in Figure 3 demonstrates several distinct
intervals of igneous activity. There are constraints placed on the descriptive termin-
ology of these intervals by previous attempts to quantify the stratigraphy of ash
deposition {e.g. Knox & Morton 1988). Apparently the carliest evidence for impact of
the proto-Icelandic plume beneath the Paleocene NE Atiantic lithosphere is provided
by Danian basaltic lavas and trachytic Luffs of the Eigg Lava Formation, Inner
Hebrides, NW Scotland (Pearson er /. 1996), We are unaware of any other con-
temporaneous volcanic activity in the NAIP, and the Eigg Lava Formation activity
was localized and small scale. At this time, the majority of the Faroe-Shetland Basin
was receiving relatively minor amounts of clastic sediment during the deposition of
the Sullom Formation (Fig. 3).

Interval 1: Sequence T25 to Sequence T36 (nannofossil zones NP4-NP6 )

This interval marks the onset of widespread and voluminous volcanism. The first
major volcanic sequence developed in central Wesl Greenland, with the eruption of
hvaloclastites and lavas of the Vaigat Formation. Tephra from these eruptions may
have been transported downwind to the coastal margins of East Greenland where it
accumulated in unstable coastal deposits before being remobilized and transported
via sedimentary conduits into the deep basin. However, the presence of volcanic
lithoclasts in these turbidite sandstones mitigates agamst this,

The question of magma production rate in the Vaigat Formation is addressed in
this volume by Pedersen et al. Detailed consideration of a sequence of basin margin
lavas and hyaloclastites within the Naujanguit Member of the Vaigat Formation,
central West Greenland, erupted during the geomagnetic polarity transition, C27n to
C26r, indicates a production rate of ¢. 0.042 km” a~!, with hyaloclastites aggrading at
a rate of ¢.33mka~! into the basin. Extrapolated for the entire Vaigat Formation,
this would suggest eruption in only 70 ka. However, it is likely that non-depositional
events within the formation lasted for considerably longer periods.

Offshore, in the south of the Faroe—Shetland Basin (Fig. 2), wells on the Judd
High {e.g. 202/3-1) show evidence for the abrupt termination of marine sedimenta-
tion in early T20 times. It appears probably that the uplift and subsequent erosion of
this area, which is coincident with the onset of Interval | volcanism, was in response
to thermal uplift associated with the arrival of the Iceland Plume in this area,

To the southeast, in the Inner Hebrides of Scotland, the Rum Central Complex
testifies to early intrusive activity. The rapid unroofing of this central complex and the
eruption of the Skye Lava Field (Hamilton et a/. 1998) suggests continuation of
punctuated volcanism on the southeastern NAIP margin, contemporaneous with
central West Greenland voleanism. From this evidence, it is apparent that Interval 1
activity was concentrated at the west and southeastern margins of the NAIP. The
perceived lack of Interval 1 volcanism around the later pesition of the North East
Atlantic rift 13 somewhat surprising. If volcanic activily was concentrated at the east-
ern and western margins of the NAIP, it may reflect on the initial shape of the proto-
Teeland Plume. However, our understanding of the distribution of the volcanism
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with time may be limited by our lack of knowledge with respect to early volcanism in
the Faroes area. Evidence of Interval 1 volcanism within the Farces area, may be
mantled by the extensive Interval 2 {late Paleocene to ecarly Eocene) volcanic
sequences. Unfortunately, seismic and gravity survey data cannot currently differ-
entiate between Eocene [avas and potentially underlying, Selandian volcanic rocks in
the Faroes area. The occurrence of mixed siliciclastic and volcaniclastic sediments in
Sequence T28 and the Kettla Member (Sequence T36), hints at a volcanic source
more proximal to the Faroe Shetland Basin than the lava fields of West Greenland,

Above Sequence T36, there is currently no evidence for the continuation of Inter-
val 1 volcanism in the Faroe-Shetland area. This termination of volcanic activity
appears to have had fundamental consequences to the sedimentary supply into the
Faroe—Shetland Basin. The thick developments of basin floor fan sands seen in
the Vaila Formation are coincident with the uplift and erosion of areas such as the
Judd High. The termination of this thermally supported uplift with the cessa-
tion of activity in Sequence T36 times, could have caused the switch in sedimentary
sources recognised in the Foinaven/Schichallion field area {(IMorton er al.).

fnterval 2: Sequence T40 (nannofossil zone NP9

Interval 1 was followed by a short period of quiescence, with no volcanism recorded in
the NATP. Normal deep marine sedimentation occurred within the Faroe -Shetland
Basin, although in late Sequence T38 times, a significant unconformity was formed.
In deeper basin areas, this i1s limited to the non-deposition of the upper parts of
Sequence T38, but in more proximal settings it can result in a hiatus that spans the
upper Sequence T38 to upper Sequence T40 period. Such a widespread unconformity
may be attributed 1o thermal uplift at the initiation of Interval 2 volcanism. The first
evidence for voleanism in this interval 1s seen in disparate locations, around the
Erlend Volcano (Jolley & Bell}, in thick volcaniclastic sequences in the Faroce Islands
area (Ellis et af.) and m West Greenland, where isotopic dating (Storey et al. 1998)
and biostratigraphy (Piaseki ef al. 1992) suggest Rinks Dal Member volcanism in
early Sequence T40 umes (Fig. 3).

The apparent switch (rom localized lava fleld activity to the eruption of more
widespread volcanic sequences, commenced in mid Sequence T40 times, and was
coingident with the Late Paleccene Thermal Maximum (LPTM]). A causal linkage
between high latitude increased heat flow, ocean water mass warming and resultant
oceani¢ perturbations and clathrate release, may explain the coincidence (Hesselbo
et al. 2000; Jolley et af. 2002). Whatever the mechanism of initiation, the relationship
between the onset of vigorous Intervat 2 NAIP igneous activity, the release of ocean
floor clathrates and their atmospheric oxidation to CO,, suggests that the NAIP was
4 factor in creating the LPTM global greenhouse ¢limate.

The LPTM greenhouse climate, although gradually cooling for 2 Ma, persisted to
the end of Sequence T40 times (Winkler & Gawendua 1999; Jolley er al. 2002), dur-
ing which the warm and humid climate would have accelerated the weathering of
exposed lava fields. Furthermore, the increase in plant diversity and biomass assc-
ciated with the favourable high pCO; atmospheric conditions of the LPTM would
have impacted on the clastic sedimentary system by increasing the volume of humic
acids in regional groundwater, thus further accelerating weathering processes. Red
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boles are consequently u characteristic feature of Interval 2 lava fields. During the
height of the volcanic activity in Interval 2, basaltic sequences were erupted in
(approximately from west to east): West Greenland, the Irniger Basin, the Faroe
Islands area, the Vering Plateau, the Faroe—Shetland Basin, the Rockall Basin, the
Inner Hebrides, and Antrim.

Interval 3: uppermost Sequence T40—Sequence 50
(nanmofossil zone NP9-10)

Near the upper limit of Sequence T40, the vigorous volcanism of the basaltic lava fields
of Interval 2 ceased. A widespread unconformity developed, which was exploited by
sedimentary drainage systems. Examples of these systems are seen around Rockall,
as the Coal-bearing Formation of the Faroe Islands, and as the lahars and other
sedimentary deposits recorded by Larsen et af. (1999) from Kangerlussuag, East
Greenland. At the southeastern and western extremes of the NAIP, igneous activity
ceased at this point, with no evidence for volcanism being seen in West Greenland or
the Inner Hebrides.

Evidence for the resumption of volcanism is concentrated on the margins of the
proto-North Atlantic rift zone, seen now in the lrmiger Basin, the Faroe Islands, East
Greenland and the Vering Plateau. Rapid eruption of the Middle Lava Formation in
the Faroe Islands area (Ellis et al) was matched and may be correlated with the
eruption of the Milne Land Formation in East Greenland (Larsen et o, 1999} This
correlation 1s further strengthened by a significant {although not abrupt} change in
lava geochemistry towards the top of these formations, conlinuing into the overlying
lavas sequences. While 1t1s currently difficult 1o identify the exact timing of, and any
possible tectonic linkage to, this change in lava geochemistry, the seaward dipping
reflectors (SDRS) in the Irmiger Basin appear to have been emplaced during this
period, with the switch to the Oceanic Succession, detailed by Larsen & Saunders
(1998), having occurred at the start of Interval 3, The nature of the link between the
geochemical change in lava composition, the widespread unconformity and the onset
of SDRS emplacement still requires resolution,

In the closing stages of Interval 3, increased volcanic activity at the site of ocean
floor spreading, and a marine incursion associated wilh the early Eocene Sequence
T50 custatic rise in relative sea level (Fig. 3; Haq ef /. 1987) caused widespread
phreatomagmatic eruptions. These produced large volumes of basaltic tephra which
were distributed downwind in excess of 2000km into northwestern continental
Europe, forming the distinctive ashy claystones of the Balder Formation in the
North Sea and Faroe—Shetland Basin.

Interval 4. Sequence T6(—present

From the end of the phreatomagmatic eruptions of Sequence TS0 times, submarine
seaward dipping reflector emplacemens along the North Atlantic rift became the
major expression of Iceland Plume activity. Some late stage volcanism in East Green-
land also occurred, but the dating constraints on the Skraeterne Formation, and the
ulkaline extrusive rocks of the Prinsen af Wales Bjerg and Igtertiva formations need
tightening hefore they can be integrated into the picture of rift evolution.
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The establishment of widespread fully marine sedimentation conditions took
around 1.5-2 Ma after the cegsation of the Sequence TS50 phreatomagmatic erup-
tions, evidence being provided for this by glauconitic sandstones and siltstones in the
Irmiger Basin, The duration of the break between these sedimentary deposits and
the underlying SDRS lavas is of importance in assessing the earliest developments
of this part of the rift zone (see Smallwood & White), but evidence is currently sparse.
A thin basalt bed in the oldest sandstone units of ODP Hole 918, which overlie the
main SDRS basalts. vielded an age of 52,1+ 0.8 Ma, younger than the nannofossil
zonation for the host sediment (Wei 1998), Larsen & Saunders (1998) used these
data to suggest an intrusive relationship for the thin basalt unit with relatively
coniinuous sedimentation from cessarion of SDRS eruption. This interpretation
appears to overemphasize the accuracy of calibration of isotopic ages to the bio- and
magnetostratigraphical timescale, and a nannofossil age determination based on
fossil absence data. A re-interpretation of (his section can be made which takes into
account the evidence lor a prolonged period of basalt ercsion prior 10 marine depo-
sition (Holmes 1998) and the palynofloral zonation based on diverse assemblages.
These suggest a near time eguivalence for the basalt and host sandstones, indicating
an invasive flow into recently deposited sands, This thin basalt umt in ODP Hole 918
therefore represents an example of Interval 4 extrusive activity. The dating of the
Prinsen af Wales Bjerg Formation in East Greenland as having been erupled at
around 53Ma (Hansen et al) confines Interval 4 volcanism ito the immediate
Northeast Atlantic rift area.

Although older Chron 24r sedimentary rocks are seen in the south around Rockall
(Beling et al. 2001), from the Trmiger Basin to the Erlend Volcano in the north, the
glauconitic, and frequently tuffaceous, sediments of late Chron 24r and Chron 24n
rest unconformably on older eroded Paleocene or Sequence T50 sedimentary and
volcanic rocks (Fig. 3). This regional unconformity demonstrates that a period of
subaerial conditions lasting for ncarly 2Ma occurred in the area away [rom the
immediate rift zone. Because of this hiatus, eruption products were enly preserved
away from the rift, with thin ashes derived lrom cast Greenland preserved in the
Rosnaes Clay Formation of Denmark.

Sill complexes

The linkage of sill complexes within the Faroe—Shetland Basin to phases of eruption
in the region has been problematical, and previcusly reliant mainly on isotopic dating.
The two papers contained in this volume take us closer to a more sophisticated
interpretation of their genesis and linkage.

Smallwood & Maresh discuss the methodology for imuging sill geometries by
seismic reflection techniques and determining their physical properties from wireline
log measurements. A variety of sill ‘shapes’ have been recognized, similar to the sills
from the northern part of the Faroe—Shetland Basin described by Bell & Butcher.
Smaltwood & Maresh also used scismic data to estimate sill volumes and likely depths
of emplacement, suggesting that these intrusive events were on the same scale as the
voluminous volcanic eruptions within the basin. The shallow emplacement of magma
into sections of the basin, resulting in dense crystalline doleritic sills, appears to have
influenced subsequent sedimentation events. Smallwood & Maresh suggest that
reservoir quality sands may have been preferentially deposited within "lows’ flanking
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areas on the basin {loor, which have been inflated due to sill intrusion, Such differ-
ential compaction ‘domes” are also discussed by Bell & Butcher, who ulso presented
seismic data which indicated that eruption of sill magmas onto the basin floor lead
to the development of vents, most likely composed of hyaloclastite and associated
fragmental volcanic products.

Conclusions

The collection of studies in this volume mark a further advancement towards the state
of knowledge of the geological evolution of the NE Atlantic over a criticat period in
the early Tertiary. With exploration for hydrocarbon reserves now extended into
Faroese waters, new geological information will provide challenges to accepted
interpretations of NAIP geology. These, and continued work on the exposed rem-
nants of NAIP volcanism, may help us to resolve some of the continuing problems
alluded to above. Increasing refinement in the chronostratigraphy of the various lava
fields of the NAIP will impact on interpretations of igneous underplating and 1its
relationship to sedimentation and basin dynamics. An increased understanding of
sedimentary provenance, logether with the appreciation of sedimentary and igneous
rock interaction will aid exploration programmes in determining reservoir qualty
and likely location.

As this research progresses, as in the papers of this volume, additional questions
regarding the evolution of the sedimentary and igneous sequences of the NAIP and
their wider environmental effects will be raised. The papers presented here are a
further step in resolving some of these problems, and help in identifving those still
remainmng unresolved.
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its influence on continental breakup and
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Abstract: Development of the rifted continental margins and subsequent scafloor
spreading in the North Atlantic was dominated by interaction between the lce-
land mantle plume and the continental and oceanic rifts. There is evidence that
at the time of breakup a thin sheel of particularly hot asthenospheric manile
propagated beneaih the lithosphere across a2 2500 km diameter region. This event
caused transient uplifil, massive volcanism and intrusive magmatism, and a rapid
transition from continental siretching o seafloor spreading. Subsequently, the
initial plume instability developed to an axisymmetric shape, with the ¢. 100 km
diameter central core of the Iecland plume generaling 30- 40 km thick crust along
the Greenland- [eelund—Faroes Ridge. The surrounding 2000 km diameter region
received the lateral outflow from the plume, causing regional elevation and the
generation of thicker and shallower than normal oceanic crust. We document both
long-term (10 20 Ma) and short-term {3 5Ma) fluctuations in the temperature
andfor flow rate of the mantic plume by their prominent effects on the oceanic
crust formed south of leeland. Lateral ridge jumps in the locns of nifung are
frequent above the regions of hottest asthenospheric mantle, occurring in both the
early history of seafloor spreading, when the mantle was particularly hot, and
throughout the generation of the Greenland lecland- Faroes Ridge.

The northern North Atlantic is a classic example of continental breakup above a
thermal anomaly in the mantle created by a mantle plume. The most obvicus conse-
quence of this was the generation of huge volumes of basaltic magmas by partial
melting of the mantle at the time of continental breakup (While & McKenzie 1989).
Most of this magma bled up to the crusl, where the majority (perhaps 60 80%) was
frozen in the lower crust, while the rest was extruded as lava flows and pyroclas-
tic deposits, often after undergoing fractionation in crustal magma chambers. If the
extrusion rates are sufficiently high, lava flows may form extensive, sub-horizontal
flood basalts extending across the centinental hinterland. On rifted continental mar-
gins, the extrusive lavas are typically expressed as seaward dipping reflector sequences
that are readily identifiable on seismic reflection profiles. All these features have been
found along more than 2300 km of the rifted continental margins in the northern

From: JoLLey, D, W. & BeLL, B. R. (eds) The North Arlantic Igncous Province: Srratigraphy. Tectonic,
Volcanic and Magmatic Processes. (Geological Society, London., Special Publications, 197, 15 37. 0305-
8719/02/%15.00 £ The Geological Society of London 2002
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North Atlantic, on both the European and the Greenland sides. Furthermore, the
mantle plume that gave rise to the thermal anomaly in the mantle 1s still going strong,
lying beneath Iceland at the present day.

The nerthern North Atlantic is therefore an excellent ‘natural laboratory’ in which
to investigate the interplay between rifting and magmatism, because the history of
rifting is well recorded from the time ol conunental breakup in the early Tertiary to
the seafloor spreading at the present day. Magnetic anomaly fleld reversals during
the Tertiary were frequent, and south of Iceland there are few large fracture zones
in the oceanic crust. so the seafloor spreading magnetic anomalies contam a clear
rccord of the rifting history throughout the ocean basin. There have also been several
well-constrained wide-angle seismic surveys of the continental margins on both sides
of the Atlantic (Barton & White 19975; Smallwood et af. 1999; Korenaga et af. 2000),
often with coincident drilling penetrating the volcanic rocks, so both the structure of
the rifted margins and the timing of the igneous activity are well known.

[n this paper we examing the interaction between the mantle plume and nfting,
first of the continental lithosphere to form the present contlinental margins, and sub-
sequently of the oceamic lithosphere te lorm the nud-ocean ridge and the land mass
ol Iceland.

Continental breakup

There are two striking features of the magmatism accompanying continental break-
up in the North Atlantic region. The first is its relatively short duration (White &
McKenzie 1989; Saunders ef ¢l 1997). The second is the extremely widespread and
almost simultaneous onset of voluminous volcanism across a huge region (Fig. [):
extending from Baffin Island and west Greenland in the west, to the northern portion
of Norway in the north, and as far as the southern tips of east Greenland and the
Rockall Plateau in the south. Since there is no indication of the presence of a mantle
plume immediately prior to the widespread onset of voleanism, this provides strong
constraints on the initiation of the mantle thermal anemaly under this region.
Throughout the area, the onsel of volcanism was consistently at 62-61 Ma (Saun-
ders et al. 1997). Frequently, picritic basalls were amongst the first volcamic units
eripted, indicative of high temperature mantle sources: perhaps the most striking
example of this 1s on Disko Island, west Greenland, where the most magnesium-rich
extrusive rocks have been found, despite being on the periphery of the North Atlan-
tic Igneous Province (NAIP) (Fig. 1). Many of these early volcanic units show signs
of limited contamination by continental lithosphere, indicative of passage of the
magmas through continental lithosphere, and indeed most of them are emplaced
onto unequivocal continental crust. There is a general indication of only hmited
continental rifting during this earliest phase of volcanism (Larsen & Saunders 1998).
Following the first, and widespread magmatic outburst, there appears to have been
a hiatus in volcanism lasting up to ¢. three million years, before 2 second. morc sus-
tained period of volcanism during 56—33 Ma which accompanied the start of seafloor
spreading in the North Atlantic (Saunders ¢¢ af. 1997). This hiatus is documented off
east Greenland (Larsen & Saunders 1998}, and in the Faroe Islands. where thin coal
deposits developed between the Lower and Middle Lava formations (Larsen ef al.
1999}, Both the rate of volcanic production and the total melt generation during
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Fig. 1. Reconstruction of the northern North Atlantic at 55Ma, shortly after the onset of
seafloor spreading {after White 1992). Shaded area shows known extent of lava flows and sills
emplaced during continental breakup with dykes shown as thin lines. Note that the extent of
any dykes emplaced bencath mainiand Greeniand is unknown due to the ice cover, aithough an
approximately cast—west irack of circular magnetic anomalies across central Greenland
(Brozena 1995; Roest er af. 1995) may represent a line of igneous centres. The configuration of 4
possible sel of rising hot sheels of asthenospheric mantle at the time of breakup is outhned by
heavy broken lines. The reconstruction uses an equal area Lambert stereographic projection
centred on the core of the mantle plume, and encompasses an arca with a radius of 1500 km,

the second phase of activity were much larger than during the first phase, and the
volcanism accompanied & rapid thinmng of the continental hthosphere. Tt was during
this second phase that the main series of seaward dipping reflector sequences, up Lo
150 km wide on both sides of the Atlantic, were generated on the margins, in addition
to massive basaltic lava lows which extended into the sedimentary basing adjacent to
the rifted margins (Richardson e «f. 1599). The total igneous thickness on the rifted
margins reached 25-35 km (Reid et @/, 1997, While & Barton 19970), and the seaward
dipping reflector sequences were erupted near to, or above sea level.
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What can be learnt about the imitial mantle thermal aromaly under the North
Atlantic region from the distribution and timmng of the magmatism?

There are three main indicators of mantle temperature, though each may also be
affected by factors other than solely the lemperature: (1) the total volume of melt
produced; {ii} the uphft and subsidence lustory that resulted. in part, irom the
addition of new igneous material to the crust, and in part from dynamic support by
the undertying plume (Bown & White 1995; Barton & White 19975); and (iii) the
geophysical, geochemical and petrological characteristics of the igneous rocks them-
selves (White & McKenzie 1995). The surprising ohservation from the North Atlantic
region 1s that abnormally hot mantle arrived simultaneously, or at least within the
limits of resotution of our measurements of about one million years, across the entire
region, at pomts more than 2000 km apart in the pre-rift reconstruction {(Fig. 1)
(Saunders er al. 1997; Larsen & Saunders 1998; Larsen ef af. 1999). The main phase of
volcanism produced igneous sections along the rifted margins of the INorth Atlantic
that vary little in thickness along a 2000 km length from south Rockall Plateau to
northern Norway (Barton & White 19975}, and along the easl coast of Greenland
from its southern tip to the Greenland Iceland Faroe Ridge. Tt is also apparent that
the oceanic crust lhat was formed adjacent e the rifted margins within a few million
years of continental breakup, with exception to the area directly above the core of the
plume (that lay beneath the Greenland Teeland -Faroe Ridge), reduced rapidly in
thickness compared to the igneous thickness on the rifted margins. Thereafter, the
distribution of crustal thickness along the Mid-Atlantic rift remained similar to that
found today around the present-day mantle piume centred bencath Iceland. suggest-
ing 4 broadly similar regional distribution of mantle temperatures since shortly after
the onsel of seaffoor spreading {(White et af. 19935).

Care must be taken when inferring the mantle temperature directly from the crus-
tal thickness. Where the mantle decompresses passively beneath a rift, and there s no
Jateral flow of the melt away from the rift, then the crustal thickness provides a direct
measure of the mantle temperature (White & McKenzie 1989). Apart from directly
above the mantle plume under Iceland, this is the situation that we believe pertains at
the present day along the northern North Atlantic spreading centres. However,
where there is active convection-driven flow of the mantle through the melting
region, s in the narrow (c. 106 km diameter) central core of the Iceland plume, then
even modest temperature anomalies in the mantle can build large crustal thicknesses.
The more active the flow, the smaller the temperature anomaly required 1o gener-
ate a given thickness of 1gneous crust. In present-day Iceland, the crustal thickness
of 40km directly above the mantle plume {Darbyshire er af. 2000), is due in part to
the excess temperature of the mantle plume and in part to active convection. Geo-
chemical characteristics of the igneous rocks can assist in determining the parent
mantle temperature, and even within 150 km of the Teeland plume, geochemical- and
seismic-based measurements of the crustal thickness suggest that the mantle decom-
presses passively beneath the rift and therefore lies outside the central rising core of
the mantle plume (White ez «f. 1995; Weir er af. 2001).

If the mantle decompression under the nascent rifted margins was passive at the
time of continental breakup, then the large igneous thicknesses found along the entire
length of the rift are indicative of a thermal anomaly in the asthenospheric mantle of
£.150°C (Clift ef al. 1995). The decrease In crusial thickness after the onsel of seafloor
spreading would then indicate a rapid drep in the mantle thermal anomaly to ¢. 50°C
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in the distal arcas, though it remained high directly over the plume core (Barton &
White 19975h). These inferred temperatures are probably upper limits: 1f there was a
component of active convection under the rifts at breakup time, then the mantle tem-
perature anomaly would have been smaller. However, if a significant amount of melt
fAowed laterally away from the rift zones, either on the surface as flows, or at depth as
dykes and sills, then our temperature estimates would be on the low side.

While the timing and extent of the volcanism provides control on the magnitude
and extent of the abnormally hot mantle underlying the region at breakup time, the
uplift and subsidence history provides further infoermation on the dynamic support
from the mantle plume, which is proportional to the product of the size of the manile
thermal anomaly and its thickness. Transient dynamic support of a few hundred
metres, unaccompanied by any rifting or magmatism, has been reported by Nadin
et al. (1995) during the early Tertiary in the northern North Sea. This area is well
removed from the line of continental breakup, showing that abnormally hot mantle
lowed widely bencath the region. Furthermore, subsidence modelling of data from
DSDP holes in the Edoras Bank region of the Rockall margin shows that the
abnormally hot asthenospheric mantle in this distal region of the plume anomaly was
only a few tens of kilometres thick, and that the thermal anomaly and associated
dynamic support decayed rapidly over a period of 5-10 million years from ¢. 150°C
above normal to only ¢. 50°C above normal shortly after continental breakup (Barton
& White 19975),

From these observations a picturc emerges of the extremely rapid propagation
of a thin sheet of mantle a few tens of kilometres thick and ¢. 15¢°C hotter than
normal beneath the unrifted continental lithosphere at around 62 Ma. This gave
rise 1o volcanism across a large area, including eastern and western Greenland, the
Faroes, Ireland and the British Tertiary Province. This early phase of volcanism was
succeeded by a much larger volume of magmatism as the continental lithosphere
stretched and thinned during the process of continental breakup, allowing decom-
pression melting of the hot mantle beneath the rift. The rapid drop of mantle
temperature following this phase of velcanism suggests that the widespread sheet of
abnormally hot sub-lithospheric mantle intruded prior to continental breakup was
absorbed inte the melting beneath the rift, and not subsequently replenished (Barton
& White 1997; Saunders et al. 1997). Thereafter, the pattern of thermal anomalies
in the mantle continued in a more axisymmetric shape, as the narrow hot plume
beneath lceland, which generated the Greenland-Iceland -Faroes Ridge as the Green-
land and European plates moved apart, and a surrounding region of modcrately hot
material fed laterally from the central plume.

Several different models have been suggested to explain the widespread occurrence
of this early Tertiary magmatism. One is that there was a long period of incubation
of hot asthenospheric mantle plume material prior te the onset of nifting and vol-
canism (Kent et al. 1992; Saunders et al. 1992), however, the simultaneous and
widespread onsct of voleanism across the entire region and the absence of earlier evi-
dence of uplift or magmatism suggests that such a long period of incubation did not
occur in the North Atlantic region (White & McKenzie 1989; Saunders et af. 1997).

A sccond set of models assumes that the onset of volcanism was associated with
the arrival of a new mantle plume, which itself had arisen as a boundary layer instab-
ility from much deeper in the mantle: such boundary laver instabilities commoniy
exhibit enhanced temperatures and larger rates of Aow in the initial phase, and both
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these are consistent with the observations (White & McKenzie, 1989). The precise
shape of the thermal anomaly is less clear. One possihility to explain the distribution
of initial volcanism is that the mantle instability originated as either three or four
rising sheets of abnormally hot mantle, which subsequently developed into a more
conventional axisymmetric plume centred 4t the meeting point of the sheets beneath
where Iccland now sits. Using this explanation Barton & White {19975} suggested a
tripartite system of hot mantle sheets, with one sheet extending south between Rock-
all Plateau and southern Greentand, another northeastwards between eastern Green-
land and Norway, and a third westward beneath central Greenland to Baffin Island.
The first twe mantle sheet upwellings lay along the line of subsequent continental
breakup, coincident with the locations of maximum 1gneous thickness. The third
sheet, crossing central Greenland, explains the simultaneous, high-temperature meits
extruded on both Disko Island, west Greenland, and the east Greenland margin at
.62 Ma. Although the thick ice cover prevents direct mapping of the geology beneath
central Greenland, lineations of marked magnetic {Roest ¢r af. 1995) and grav-
ity anomalies along the line of the postulated mantle sheet beneath Greenland have
been interpreted by Brozena (1995) as being due to igneous intrusions into the erust.
N. I. White {pers. comm. 2001) has drawn allention to a possible fourth lincation of
mantle melts extending southcastward to the Trish sea (Fig. 1); the evidence (or this 1s
in the abundance of early Tertiary magmatism along this hncation, together with the
evidence for marked uplift which caused ¢. 2.5 km of denudation in the easi Irish Sca
region between 62 and 54 Ma (Lowis et /. 1992; Rowley & White 1998}, An alier-
native way to explain the short-lived burst of volcanism in the west Greenland area is
that it was caused either by a completely separatc mantle plume, or by a blob of hot
mantle that detached itself from the main plume beneath the North Atlantic. Lawver
& Miller (1994) explained the west Greenland and Atlantic magmatism by postu-
lating that an axisymmetric plume was located bencath central Greenland at the Lime
of breakup, and that only subsequently did it migrate eastward to cross the east
Greenland coast at about 35 Ma. We think that this explanation is unlikely. since it
cannot explain the continuous formation of the thick crust of the Greenland—
Iceland—Faroes Ridge, which we attribute to 3 mantle plume that lav close to the rift
beneath eastern (Greenland at the time of breakup (at the centre of the projection in
Figure 1} and continued to sit beneath the North Atlantic ridge axis as the ocean
opened, as postulated by White & McKenzie (1989).

On the evidence for an extensive thin horizontal sheet of anomalously hot mantle
beneath the lithosphere required to explain the uplift and subsidence patterns, the
most likely explanation seems 1o be that the initial widespread thermal anomaly

Fig. 2. Bathymetry, free air gravity anomaly and magnetic anomaly in the NE Atlantic. Panels
b and ¢ include flowlines back to anomaly 24 time centred on the present spreading axis.
{a) Bathymetry, 1000 m interval contours. Location of FIRE profile shown n Figure 5. and
magnetic anomaly flowline profiles recorded by Charles Darwin 70 (Profile A) and Charles
[Darwin 87 (Profile B} shown in Figure 6 are marked. Present active rift axes arc shown in red.
and sclected extinet rifts arc shown by dashed red fines: 8, Skagt; V. Vestfirdin, NVZ, EVZ,
WYVZ, northern, eastern and western volcanic zones; KR, Kolbeinsey Ridge: RR. Revkjancs
Ridge; GIR, Greenland-Iceland Ridge; FIR, Faroe-Teeland Ridge; IrB. Trminger Basun
1B. Ieeland Basin: LS. Labrador Sea; ICE, Iecland: GB, Great Britain: RP. Rockall Plateau:
FI, Faroe Istands. {(b) Free air gravity anomaly (Sundwell & Smith 1997}, Zeone of ephemeral
fracture zones outlined by broken white line. (¢} Magnetic anomaly {Macnab er af. 1995,
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resulted from the iateral injection just beneath the lithospheric lid of a thin (a few
tens of kilometres thick) sheet of abnormally hot asthenospheric mantle from a
central plume feeder. The high temperature and low viscosity of such a thin sheet
would allow it to be injected rapidly with little conductive heat loss (Larsen ef af.
1999), and would explain the transient uplift without accompanying volcanism seen,
for example, in the northern North Sea, far from the location of eventual breakup
(Nadin et al. 1995; Barton & White 19975}, Volcanism only occurred where the
mantle could decompress, either beneath a pre-existing region of thin lithosphere. or
in an area where rifting was actively thinning the lithosphere (Saunders er al. 1997).
The subsequent rapid cooling of the thin sheet would occur partly in response to
decompression and associated partial melting, and partly as a result of conductive
heat loss into the adjacent colder mantle that lay both above and below the thin sheet
of hot mantle.

Seafloor spreading

Continent—ocean transition

Compared to tvpical non-volcanic margins. the interval between the beginning of
continental stretching and the onset of full seafloor spreading was extremely short in
the North Atlantic, lasting perhaps 4—6 Ma. and the width of the continent -occan
transition zone is narrow, reaching only a few tens of kilometres. This compares with
the long periods of pre-breakup stretching, perhaps lasting 25 Ma or more, and the
great widths of stretched lithosphere, extending across 150km or more, found on
many non-volcamc margins. The reason 1s probably because the injection of huge
volumes ol melt into the stretching continental lithosphere weakened it greatly, allow-
ing rapid thinning and progress to seafioor spreading, and because the added gravi-
tational potential provided by the mantle plume in a region predisposed to extension
throughout the Mesozoic may have encouraged continental breakup.

Flowlines

Prior to making reconstructions of the seafloor spreading in the North Atlantic, we
calculated flowlines that reproduce the rotations between the Greenland und Euras-
ian plates (Fig. 2). We restrict our discussion primarily to the region south of Ieeland
(the Irminger and Iceland Basins, Fig. 1), becausc to the north the picture s com-
plicated by major ridge jumps which isclated the continental fragment of Jan Mayen
in the mid-Tertiary.

Seafloor spreading magnetic anomalics 20 23 are easy 1o recognize in the North
Atlantic, forming linear, unbroken anomalies with no major offsets south of Iceland
(Fig. 2¢). The most fandward anomaly is usually part of anomaly 24, though due to
the multiplicity of magnetic reversals between chrons 24 and 25 (Cande & Kent 1995),
it is not always possible to be certain which of these, or what combination of them,
generated the main magnetic anomaly stripe. The continent—ocean boundary (COB)
itself is unlikely to be a precise line, instead representing a continent—ocean transition
from highly stretched and intruded continental crust to dominantly new igncous
crust. Figure 3 shows the approximate location of the COB based on wide-angle
seismic surveys extrapolated by the gravity maps along the margins. Pre-breakup
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reconstructions would clese te a position somewhat landward of the COB, to account
for the stretching of the continental crust prior to breakup. On the western margin
of the Rockall Plateau we estimate this pre-breakup siretching to be of the order of
25-35km from wide-angle seismic experiments.

Several authors have published reconstruction poles between Greenland and
Eurasia back to anomaly 24 (Srivastava & Tapscott 1986; Miiller & Roest 1992;
Wold 1995). In Figure 4 we show a comparison of flowlines calculated using different
authors’ finite rotations. The flowlines calculated using Srivastava & Tapscott’s
(1986) rotations fit the present-day azimuth of spreading at the Reykjanes Ridge
well, but the slow change of azimuth with time means that they are not parallel to the
fracture zones formed during the pericd between chrons 18 and 5 when the ridge was
morphologically segmented on a 30—-80 km scale. Flowlines calculated using Miiller
& Roest’s (1992) finite rotations also strike obliquely to the fracture zone traces
between chrons 18 and 13. The finite rotations of Wold (1995) produce 4 pronounced
kink in the flowline at chron 21 (Fig. 4), we believe this may be because he has
included in his rotation calculations identifications of magnetic anomalies 7 (from
the north) and 20, 21, 22 and 24 (from the south) over the Faroe—Iceland Ridge.
Identification of seaficor spreading anomalies from lavas erupted subaerially, as
were those on the Faroc- Iecland Ridge, is likely to be extremely uncertain. Fuctors
leading to uncertainty mclude: the Jong flow lengths of lava flows, and their complex
interaction with topegraphy; the subsequent erosion of 1-2km of the uppermost
crust of the Faroes—Tceland Ridge; and the hikelihood of small-scale shifting rift
zones and possible multiple rifts such as are observed today in Iceland over the
marntle plume in a similar setting to that which generated the Faroe—Iceland Ridge.

Here we use a combination of Helman’s (198%) North America—Eurasia rotations
and Roest & Srivastava’s (1989) North America—Greenland rotations to obtain finite
rotation poles for Greenland—Eurasia (Table ). Helman’s {1989) rotations are based
on magnetic anomalies both in the region south of Iceland that we are investigating,
and in the Atlantic south of the Charlie Gibbs fracture zones: they give synthetic
fracture zone traces {flowlines) that match well the trends of the Charlie Gibbs frac-
ture zones. Seafloor spreading at the Ran Ridge in the Labrador Sea ceased prior to
anomaly 13 time (Kristofferson & Talwani 1977). Detailed study of the final spread-
ing episode of the Ran Ridge snggests that the spreading slowed between chrons 21
and 13 (47-33Ma) (Louden ¢f af. 1996). We assume that the slowing occurred
lincarly between chrons 21 and 13, The resultant rotations produce Mowlines that
match the fracture zone traces well (Fig. 2). with a fairly smooth angular change as
spreading slowed down and stopped in the Labradoer Sea (solid line, Fig. 4).

Reconstructions

Finite rotations are used here to reconstruct the opening of the North Atlantic south
of Iceland from shortly after breakup time to the present day, rotating some of the
most prominent seafloor spreading magnetic anomalies to illustrate major changes in
the style of seaficor spreading and ridge segmentation {Figs 3a—e). The oceanic crust
formed during seafloor spreading falls into four main regimes. These changes are
probably directly related to changes in the flow pattern or temperature of the Iceland
mantle plume.
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{a) approx chron 24 (53 Ma)

(b) chron 22 (49 Ma)

Fig. 3. Reconstruction of seafloor spreading in the rminger and leeland Basins, with present
land-masses shown shaded, based on finile rotalions with Furasian plate held fixed. (a) Shorily
aller the omset of seafloor spreading, at 34 Ma. The landward-most magnetic lineations
(anomaly 24 in the Irminger and lceland Basins are superposed. The approximate continent—
ocean boundaries (COB) on the conjugate rifted margins are shown by broken lincs: the
region between the COB and the magnetic lineations are occupied by seaward dipping reflector
sequences. The ridge crest was offset about 30 km dextrally. (b} Early unsegmented axis, chron
22 {49 Ma). Between chron 22 and chron 21 a ridge jump in the northern part of the ocean
removed the dextral offset to give a continuous ridge axis by chron 21. (¢) Transition from seg-
mented to conlinuous ridge axis, chron 9 (27.5 Ma). The 30-80 kin ridge segmentation formed
around 40 Ma is now being combined into an unsegmented axis propagating from the north,
with associated oblique spreading. (d} Chron 6 (20 Ma). Continued southward propagation
of the unsegmented ridge axis has removed all bul the southernmost ridge segmentation,
(e) Present day. with oblique spreading along a continuous 750 km length of ridge crest with
no major offsets. Fine line shows 2000 m contour. and broken lines show approximale location
of COB,



{c) chron 9 (27.5 Ma)

(d) chron 6 (20 Ma)
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This study ' \
— — — - Wold (1995) Chron 21 - \ Y
G0N e-v--- - Muller & Roest (1992) )
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Fig. 4. Flowlines calculated for the Iceland Basin from & point on the Revkjanes Ridge, using
a variety of published Greenland- Eurasia reconstruction poles. Points corresponding to
magnetic chrons 13, 21 and 24 are shown as circles, squares and triangles respectively.
Previgusly published reconstruction poles (Srivastava & Tapscott 1986; Muller & Roest 1952;
Wold 1995) give flowlines that strike obiique to the fracture zones from chron 13, or later. The
preferred Howline from this study is shown as a solid line {scc text for details).

Table 1. Greenland—FEurasia clovure poles

(.‘.hron .'\«'A.Pf: ROT}}!.’: FM?RO"F f’\’,fm .E'u? ROT ETm
Lat,*N Lon,°E  Angle,” Lat,*N Lon,°E Angle.” Lat."N Lon,”E Angle,”

A 68.00 137.00 3.0 68.00 137.00 3.0t
8 66.85 135.46 597 66.85 13546 597

13 62.50 138.50 7.30 62.50 138,50 7.30

17 62.80 —-91.95 —-0.21 6230 138.50 7.83 61.41 137.50  7.6%

K} 62.80 —91.95 —048 62.30 141.56 8.39 60.17 139,32 3.08

20 62.80 —91.95 —1.33 62.30 [41.50 9,29 36.25 13641 £.47

21 62.80 -9195 -2.61 3570 143.25 9.81 42.20 [35.83 £K.34

24 55.86 —104.35 —444 6110 14490 12.04 43,17 128.30  9.87

Greenland-Eurasia closure poles, from the Eurasia—North America poles of Helman (1989)
and the Greenland-North America poles of Roest & Srivastava {198%), assuming a lincar
slowing of spreading in the Labrador Sea from anomaly 21 to anomaly 13 time. Subscripts
NAm, Gm & Fur reler io North American, Greenland and Eurasian plates respectvely.

The very cldest occanic crust comprises a zone of scaward dipping reflectors, up
to 150 km wide at its greatest width, generated between breakup time and chron 24
(i.e. between upproximately 56-53 Ma). Because they were extruded sub-aerialiy,
¢lear seafloor spreading magnetic anomalies were not always developed, although fine
lineations perpendicular to the spreading direction have been recognized off the cast
Greenland margin (Larsen & Saunders 1998). This zone is bounded at the seaward
end by the prominent magnetic anomaly 24. Although an occanward zone of sca-
ward dipping reflectors is developed on both sides of the Atlantic basin (Larsen &
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Jakobsdottir 1988; Mutter & Zehnder 1988; Barton & White 19974), there appears
to be a gross asymmetry, with anomaly 24 lying some 100150 km off the COB on
the Greenland margin, but lying close to the COB on the Rockall Platean margin
(Fig. 3a}. This asymmetry was probably removed by one or more minor castward
ridge jumps prior to anomaly 24, after which the seafloor spreading in the bulk of the
region was broadly symmetric on both sides of the spreading axis. We return in a
later section to discuss the rate of seafloor spreading during formation of this oldest
oCeanic crust.

The second main phase of seafloor spreading occurred between chrons 24 and 21
(53-46 Ma). This generated prominent scafloor spreading anomalies, with the direc-
tion of spreading perpendicular to the spreading axis (see flowhne on Fig. 2¢}. The
spreading axis was uynbroken by any fracture zones other than a 50 km dextral offset
between the northern and southern parts of the ridge axis south of lceland (Fig. 3b).
Oceanic crust was somewhat thicker than normal (9-11km, compared to ¢.6km
for normal ocean basins), indicative of asthenospheric mantle temperatures in the
region being some 50°C above normal (White 1997). In tectonic style, this interval of
spreading most closcly resembles the fast-spreading ridges such as the East Pacific
Risc at the present day. We suggest thal the similanty arises because the enhanced
melt production and thicker than normal crust produced in the North Atlantic
produces a rheologically weak spreading axis. On the East Pacific Rise, although the
crust is thinner, the frequent crustal melt injection episodes produced by the fast
spreading rate maintain the spreading axis at a hotter temperature, on average, than
that ol a normal slow-spreading ridge. So either fast spreading or enhanced melt
production on a slow-spreading ridge may have a similar effect of producing a weak
spreading axis. Between anomalies 22 and 21 the dextral offset in the centrai part of
the spreading axis was removed by a westward ridge jump, producing an unbroken,
linear axis at anomaly 21 time (see Fig. 3¢). The ridge jump has left two sections of
anomaly 24 on the eastern side of the basin south of the Faroe—lceland Ridge
(Voppel et al. 1979). The extinct ridge axis (dashed line on Fig. 2a and arrowed on
Fig. 2b), has been previously recognized in gravity anomalv data (Roest ef af. 1995).

A major change of spreading style accompanied a marked change in spreading
direction alter chron 20 (43 Ma). Reorientation of the azimuths of the spreading axes
produced a third phase of seafloor spreading style, with a zone of short (30-80 km
long) spreading scgments offset by small transform faults. The spreading segments
strike approximately perpendicular to the new spreading direction. and the trans-
form faults lay approximately parallcl to the spreading direction, although like small-
offset transforms found elsewhere, locally they may deviate from it considerably. This
change in style can be seen in both the gravity and magnetic maps in Figure 2, and can
also be seen in the sediment distribution mapped using seismic reflection profiles
(Ruddiman 1972). This style of spreading, typical of slow-spreading ridges formed
away from the influence of mantle plumes, occurred diachronously in the North
Atlantic, as shown by the region outlined by broken white lines in Figures 2b & ¢. The
reduced residual depth anomalies in this region suggests that the mantle was less hot
than during the preceding and succeeding intervals (White 1997), which is consistent
with reversion to normal seafloor spreading. The diachronous onset is consistent with
the mantle (thermal anomaly generated by the Iceland plume withdrawing slowly
northward, associated with a cooling of the plume material fed southward from the
plume core.
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The fourth and final change of spreading style in the North Atlantic saw a gradual
reversion to an unsegmented, but now obliquely spreading axis on the Reykjancs
Ridge. This propagated from the north, starting at approximately chron 9 (27 Ma),
(Figs 3c-c¢). We suggest that this is indicative of somewhat higher lemperature
mantle feeding southward from the plume core beneath Iceland. allowing the
development of abnormally thick crust in the northern part of the Reykjanes Ridge.
South of 57°N on the Reykjanes Ridge, the crustal thickness drops toward a more
normal 7 km, and & median valley reappears {White 1997},

These gross changes In seafloor spreading style on timescales of 10-20Ma are
probably related to large-scale changes cither in the temperature and/or the flow rate
of the mantle plume, or in the relationship between the narrow rising core of the
mantle plume and the spreading axis. As we show later, superimposed on these
major changes are shorter term fluctuations in the plume on timescales of 1-3 Ma,
which generated prominent “V-shaped' ridges on the Reykjanes Ridge (Vogt 1971).

Ridge jumps

We have already discussed the likelihood of small ridge jumps during the initial few
million years of scafloor spreading. However, in the brminger and Iceland basins
there is Hitle indication of resolvable ridge jumps thereafter. apart from the small
changes in the spreading axis that must have occurred as the spreading regime
reoriented from linear to segmented and back again.

There is a long history of major ridge jumps in the region close to the core of the
Iceland plume, in the Greenland-Iceland-Fuaroes Ridge itself. This was produced
above the region of hottest mantle, with temperature anomalies of perhaps 130°C
above normal. So it may be no coinadence that the most frequent ridge jumps
elsewhere in the Iceland and Irminger basins are recorded trom the first few millon
years of seafloor spreading, when we infer that the mantle beneath the rifting conti-
nental margins and the newly-formed oceanic crust was hotter than in the succeeding
period of seafloor spreading (Barton & White 19975}

The best documented ridge jumps on fceland are those which have moved the rift
axes eastward so as to keep them centred approximately above the core of the mantle
plume, as the plume has drifted eastward with respect to the spreading axis. Two
major castward ridge jumps have been documented in northern Ieeland, one at
¢. 16 Ma from Vestfirdir to the Skagi Peminsuia, and another during 7 -3 Ma from the
Skagi Peninsula to the preseni Northern Volcanic Zone (NVZ) (Sacmundsson 1974,
1579; Helgason 1985; Hardarson et al. 1997) {see Fig. 2a lor locations). Similar ridge
jumps toward the east have occurred in south Iceland (Krisjansson & Jonsson 1998),
producing at the present day a ¢. 150 km eastward offset of the rift zones on Iceland
compared (o the offshore spreading centres of Reykjanes Ridge to the south and
Kolbeinsey Ridge to the north {Fig. 2a). The ridge jumps do not occur as instan-
tunecus transfers of spreading from the otd rift axis to the new one, but rather occur
over a period (estimated as ¢.4 million years for the most recent ridge jumps of
the NVZ), during which spreading is distributed across both the old and the new
rift zongs.

There are also several other more tentative identilicaiions ol ridge jumps on the por-
tions of the Greenland-Teeland—Faroes Ridge that are now underwater. Smallwoaod



RIDGE-PLUME INTERACTION 29

lceland Faroes

Krafla shelf shelf
0 edge edge
>
= 20-
S
Q.
(3]
O

=
o

Mantie

0 100 200 300 400 500 600
Distance (km)

Fig. 5. Interpretation of crustal structure from seismic profile along FIRE line on the Farocs -
leeland Ridge (see Figure 2a for tocation and Smallwood ef af. 1999 for details). Note the
abrupt crustal thickness changes associated with ridge jumps, particularly near the Teeland
shelf edge and the present Northern Volcanic Zone at Krafla. COB marks continent—ocean
boundary offshore the Faroe Islands. Inferred region of underplating below the Faroes
continental block 1s from Richardson e/ af. {1998}, Zcro on the distance scale is at the present
rift axis under Krafla.

et al. (1999) have postulated at least two westward ridge jumps from the Faroes—
Iceland Ridge, one of which is marked by a change in basement structure, and the
other (at ¢.40 Ma) at the position of the abrupt change in crustal thickness that lies
beneath the present Icelandic shelf edge (Fig. 5). On the western side of Iceland,
Larsen & Jakobsdottir (1988) have identified a ridge jump on the Greenland-Iceland
Ridge from an angular unconformity in the lavas.

This multiplicity of ridge jumps directly above the track of the core of the mantle
plume is not mirrored in the regions to the north and south of the plume. This means
that the thickened crust of the Greenland-Iceland—Faroes Ridge which formed
above the plume core, 15 often bounded by transform faults of variable offset (MNunns
1983}, At the present day, for example, the Tjérnes Fracture Zone off northern Ice-
land connects the Northern Volcanic Zone to the Kolbeinsey Ridge. Another conse-
gquence of the [requent ridge jumps is that they may cause abrupm changes in crustal
thickness along the plume track. Where the rift zone lies directly above the narrow
plume core, ignecus crust of up to 40 km thickness may be generated, as is currently
the case in Iceland (Darbyshire et af. 1998). Thus, the crustal thickness changes along
the Greenland—Iceland-Faroes Ridge probably reflect both variations in the precise
location of the rift axis with respect to the narrow core of the mantle plume, as well
45 long-term variations in the temperature or flow rate of the plume which, as dis-
cussed in the previous section, alse affect the occanic crust formed much further
{from the centre.
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Short term plume fluctuations

A characteristic feature of the oceanic crust generated south of Iceland is that it ex-
hibits prominent *V-shaped’ ridges in the bathymetry and gravity signatures (Fig. 2).
These were first recognized by Vogt (1971). They propagate away from the plume
core with apparent velocities of 75--150mma~', some 4-% times faster than the full
spreading rate. Geochemical and seismic data suggest that they are generated by
crustal thickness variations of 1 2km (White ef al. 1995; Smallwood & White 1998;
Werr et af. 2001), equivalent to mantle temperature fluctuations of ¢. 30°C, on time-
scales of 3—-3 Ma. Similar gravity lineations can also be discerned in the oceanic crust
formed socon after breakup, although the thicker sediment cover on the older crust
tends to reduce their prominence,

Indirect effects of the short-term temperature fluctuations in the mantle can also
be seen in two other ways. First, around breakup time in the Paleocene, the mantle
lemperature fluctuations produced rapid changes in uplift and subsidence in the
regions bordering the rift zone, which have been used to explain pulses of sedimen-
tation recorded particularly in fan deposits (White & Lovell 1997). Second. during
the Neogene, regional variations in uplift associated with changes in the buoyancy
flux of the Iceland plume have been invoked to explain changes in the amount of
Northern Component water fed southward into the occan basin south of Iceland
(Wright & Miller 1996): the Greenland-Iceland—Faroes Ridge acted as a barner to
this oceanographic flow during periods of uplift associated with high buoyancy flux
from the Iceland plume, but was lowered and thus allowed passage of the Northern
Compoenent water during periods of reduced mantle buoyancy flux.

It therefore seems that small-scale, relatively short-ierm fluctuations in the mantle
temperature have been a consistent feature ol the Teeland plume throughout its
history. It is likely that simiar fluctuations cccur in all mantle plumes, but that they
can be detected well in the North Atlantic because the plume has lain lor a long
period directly beneath the seafloor spreading centre: in this configuration the pas-
sive mantle decompression that occurs in the spreading axis is an extremely sensitive
measure of small temperature changes.

Seafloor spreading rates

There have been suggestions that not only was the duration of the breakup stage very
short, but that the initial rate of seafloor spreading was extremely high. reaching
88 mma~! full rate for a period of three million years immediately following breakup
{(from ¢. 55.3-52.3 Ma), before dropping back to the full spreading rate of ¢. 22mma !
tound regionally in the northern Nerth Atlantic for the interval between chrons 23n
and 20n (Larsen & Saunders 1998). This short-lived, extremely high spreading rate
episode is determined only from an aeromagnetic survey off the east Greenland
margin, based on lineations seen in the aeromagnetic map and on radiometric age
determinations {rom basalts drilled in QDP sites 915, 917 and 918.

We discuss here an alternative explanation of the magnetic and other data that
suggest that spreading rates immediately afier breakup reached only 25 -30 mma !
full rate, decreasing only slightly after chron 21 (47 Ma) to an average of ¢. 20 mma~!.

We calculate half-spreading rates from two magnetic anomaly profiles recorded
along flowlines which extend from the continental margin to the present seafloor
spreading axis in the Iceland Basin. Profile A is [tom RRS Charles Darwin cruise 70



RIDGE -PLUME INTERACTION 3

and Profile B from RRS Charles Darwin cruise 87 (for location see Fig. 2a). We also
use identifications from the regional magnetic anomaly maps (Fig. 2¢) {(MacNab e7 a/.
1993}, and from a detailed aeromagnetic survey in the Irminger Basin (Mercuriev
ef al. 1994).

Anomaly identifications were aided by first constructing a synthetic magnetic
anomaly profile, including an appropriate skewness for the magnetic latitude at
which the crust was generated (Fig, 6). Our identifications of the anomaly peaks are
shown above profiles A and B in Figure 6. Note that the anomaly picks on the oldest
oceanic crust closest to the COB have some uncertainty, due to them being close to
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Fig. 6. Magnetic anomaly fowline profiles. Top curve shows synthetic for a constant
spreading half-rate of 10mma - using the reversal timescale from Cande & Kent {1995), with
a constant thickness and uniform magnetization source layer and with a skewness of 42° to
allow for the latitude at which the anomalies were formed. Bottom two curves show magnetic
anomalies across the Iceland Basin along profiles A and B; sce Figure 2a for locations.
Anomaly identifications are annotated above each profile.
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the end of the seafloor spreading anomalies, and to the possible ‘smearing” by lateral
lava flow in the seaward dipping reflectors. together with possible diffuse spreading
or minor ridge jumps in the earliest stage of seafloor spreading. Spreading rates from
the two flowline magnetic anomaly profiles are compared in Figure 7 with the rates
calculated at the same latitudes from the Greenland—Eurasian rotation poles used to
make the reconstructions in Figure 3.
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Fig. 7. Diswance along flowling v, mugnetic chron age (Cande & Kent 1995 timescale maoddified
by Shackleton et af 2000) for two flowlines across the Iceland Basin. In both piots the
distance is reduced at 10mma~!, and the gradient gives spreading rate {see key). (a) Cal-
culated rates from our rotation poles (see text for details); (b) Observed rates (rom anomaly
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points is 2 km. The thick dashed line indicates the period when the spreading centre was
segmenled for the profile A {(below) and profile B (above).
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Half-spreading rates along our magnetic anomaly flowlines stabilise after anom-
aly 21 (47 Ma) o ¢, 1T0mma~'. Similar rates are found from both sides of the ocean,
showing that spreading about the axis was symmetric. However, during the initial
period of seafloor spreading the half-rates were appreciably higher. Over the period
between anomalics 24 and 21, we deduce half-rates of about 15mma~' from our
magnetic prefiles (Fig. 7). We suggest that during the period from continental
breakup at about 55 Ma to anomaly 23n (52 Ma), the spreading rate was only half of
the ralc of 88 mma ! suggested by Larsen & Saunders (1998), because they failed to
recognize a ridge jump that occurred in the middle of generating the seafloor mag-
netic lingations that they report from off the east Greenland margin. Such a ridge
jump is necessary Lo explain the production of ¢, 100 km of occamc crust between the
Greenland COB and the end of the flowlines at anomaly 24 time off the Greenland
margin, since on the Eurasian side the end of the flowlines lie close to the Eurasian
COB (Fig. 2). With the identification of this ridge jump all along the east Greenland
margin, the observed half-spreading rate during this early interval, using the same
ages as Larsen & Saunders (1998), drops to 22mma~". This is just a littie higher than
the hall rate of 15mma ! we find for the period immediately succeeding it. As we
noted in an earher section. ridge jumps apparently occur more readily above the
hottest mantle, such as beneath Iceland at the present day, so the ridge jumps ofl the
Greenland margin are consistent with our observation that transienl abnormally hot
mantle lay beneath the line of continental breakup in the early Tertiary.

There is also some evidence in the seismic reflection profiles oll Greenland (Larsen
et al. 1998) lor this ridge jump during anomaly 24r. In the central part of the 100 km
portion of occanic crust scaward of the Greenland COB contlaining seaward dipping
reflectors is a zone of diffuse reflectivity which Larsen ef al. {1998) interpret as a
period when the seafloor spreading axis may have been submarine. They suggest that
the remainder of the seaward dipping reflector sequence was generated with the sea-
floor at or above sea level. Consequently, this centrai diffuse zone may correspond
to our postulated ridge jumn, since the dving rift axis would sink below sca level as the
magma productivity decreased. The new rilt axis further te the cast would then
produce more voluminous lavas and seaward dipping reflectors that would ilow
across and overwrite the reflections from the older oceanic crust beneath them formed
prior to the ridge jump. If the ridge jump did not occur as an instantaneous transfer
from the old to the new rift axis, but rather went through an interval of simultaneous
spreading as the old rift died down and the new one started up. there is a high
likelihood of generating a diffuse zonce of confused reflectivity in the region of the now
extinct rift axis. Such a zone of confused reflectivity is observed ofl east GGreenland.

Discussion

Inferaction between the Iceland mantle plume and rifting, first of continental litho-
sphere, and subsequently of oceanic lithosphere, in the northern North Atlaatic
region allows us to investigate the iong-term behaviour of a2 mantle plume.

At the time of initiation of the Tceland plume at ¢.62 Ma, the asthenospheric
mantle fed by the plume was much more extensive and hotter than the subse-
guent plume fow that characterized its behaviour threughout the rest of the Terti-
ary. This 15 a [eature of boundary layer instabilities, with both the flow rate and the
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temperature of the initial instatnlity being much greater than the subsequent flow.
However, from the existing data we cannot determine whether the plume instability
arcse from the upper/lower mantle boundary or from the core/mantle boundary.

The initial anomalously hot plume material spread widely across the region:
its geometry may have comprised rising sheets of hot mantle, or separaic blobs.
However, within a relatively short period of less than 10 Ma, the initial disturbance
had collapsed to the axisvmmetric shape tvpical of the present day configuration.
This has a narrow (c. 100 km diameter} central core of mantle probably ¢. 100-150°C
hotter than normal, with a wide surrounding region of plume-fed asthenospheric
mantle that is still hotter than normal mantle, but only by a few tens ol degrees
Celsius.

Several temporal scales of fluctuation can be recogmsed in the Iecland plume by
their effects on the region. Long term fluctuations on the order of tens of millions of
years produced regional changes in the structure of the occanic crust. Shorter term
fluctuations of temperature and flow-rate on 3 5 million years timescales can be
recognized throughout the history of the Teclund plume and are probably charac-
teristic of all such mantle plumes.

Where rifting has occurred directly above the mantle plume, ridge jumps are a
common feature as the active rift migrates in an attempt to remain above the hottest
upwelling mantle. This effect has been documented along extensive pertions of the
continental margin during continental breakup and during the early seafloor spread-
ing history. Subsequently, it has been restricted to the crust formed directly above
the upwelling plume core {which has produced the thickened crust of the GGreenland-
Iceland-Faroes Ridge). It 15 presumably a result of the higher gravitational poten-
tial and weaker hithosphere found directly above the plume core, which makes rifting
in that location casiest. The prevalence of ridge jumps during the carliest phase of
seafloor spreading is consistent with the widespread extent of abnormally hot mantle
during and immediately following continental breakup.

The reconstructions in this contribution were made using the ATLAS computer program
developed by Cambridge Paleomap Services. We are grateful to those who sailed on RRS
Charles Darwin leps 70 and 87 for collecting the magnetic anomaly data. We thank Andy
Saunders for his comments on an earlier draft of this paper. which led to significant
improvement. The opinions and interpretations expressed herein are those of the authors and
not necessanly those of Amerada Hess Ltd., Department of Earth Sciences, Cambridge
contribution number 6382.
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Continental margin off Norway 62-75°N: Palaeogene
tectono-magmatic segmentation and sedimentation
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Absiract: The development of rifted and sheared segments on the Norwegian
continental margin between 62 and 75°N is spaiially related to a distincet along-
margin segmentation which is poverned by transfer zones formed during the Late
Jurassic-Early Cretaceous rift episode. In fact, these structures may represent a
repeated structural inheritance going back to the Proterozoic. Complete litho-
spheric breakup ncar the Paleocenc—Focene transition was preceded by a rift
cpisode which was probably initiated in the carly to middle Campanian. [t culmi-
nated with a massive, regional magmatic cvent during breakup characterized by
eruption of thick lava sequences covering large areas along the continent—ocean
iransition. The Norwegian volcanic muargin belongs to the North Atlantic Large
Tgneous Province formed by impingement of the Teeland plume on a lithosphere
under exiension, Offsets in the initial plate boundary, combined with late rift
nplift and subseguent construction of emerged marginal highs during breakup,
provide key constraints on the Palaecgene water mass circulation, basin evolution
and sedimentation during a period of progressive environmental deterioration
following early Eocene greenhouse conditions.

Early studies of the continental margin off Norway (Figs 1 & 2) revealed a first-order
tectono-magmatic segmentation, apparently linking old crustal sutures and weakness
zones with offsets in the initial Eurasia—Greenland plate boundary, and a structural
division of the passive margin into rifted and sheared segments {Talwani & Eldholm
1972, 1977). Later, the margin has become the target of extensive geophysical survey-
ing, both by research institutions and industry. Scientific holes have been drilled on
the outer margin, and commercial wells on the shelf and in the Vering Basin.
Within the study area, 62-75°N, we divide the margin into lour main rifted
segments: Mere, Voring, Lofoten-Vesterdlen and Vestbakken margins separated by
the Jan Mayen, Bivrost and Senja fracture zones and their landward prolongations
(Fig. 2). During chron 24r, near the Paleocene—Eocene transition, Late Cretaceous-
Paleocene rifting culminated with onset of sea floor spreading between Norway and
Greenland accompanied by massive, regional igneous activity. Subsequentiy, the pas-
sive margin cvolved in response to subsidence and sediment loading during the post-
Palcocene widening and deepening of the Norwegian Greenland Sea. The combined
pre- and post-opening histories have governed the present margin physiography,
crustal structure, teclono-magmatic segmentation and sedimentation.
From: JorLEY, D, W. & Berr, B, R, (eds) The North Atlantic feneous Province: Stratigraphy, Tectonic,

Volcanic and Magmatic Processes. Geological Socicty, London, Special Publications, 197, 39 68, 03035-
8719/02/%15.00 @; The Geoclogical Society of London 2002,
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Fig. 1. Norwegian- Greenland Sea and continental marpgins, outlined by selected 50 and
2000m contours, and conjugale DSDP/ODPE dnll sites sampling Palaeogene rocks. Study
area (Figs 2 & 3) within boxes. MM, VM, LVM. SFZM, VBM. SVM, Mere, Vering, Lofoten—
Vesterdlen, Senja Fracture Zone, Vestbakken and Svalbard margins, respectively, IMFZ,
Jan Mayen Fracture Zone; VE, Varing Escarpment. VP. Vering Platcau: HFZ. Hornsund
Fault Zone.

Physiographically, the high-latitude continental shelf is relatively deep, with num-
erous banks and depressions reflecting glacial influence. The width of the shelf, and
the width and sicepness of the continental slope varies considerably (Fig. 2}. The
shell edge and the foot of the slope are well defined by bathymetric gradient changes
except in areas of large glacial drainage systems. Off central Norway, the siope is
broken by the large Vering marginal plateau at 1000-1500 m water depth. The rela-
tively young age of the Norwegian—Greenland Sea and the plate geometry explain
the poorly developed abyssal plains and the absence of a continental rise in the
adjacent Norway and Lofoten basins {c.g. Myhre er «/. 1992},

Here, we first describe the crustal structure exemplified by crustal transects across
main margin segments. Then, we discuss the pre-breakup basin formation history,

Fig. 2. Norwegian continental margin 62-75°N: main physiography, tectono-magmatic
leatures, segmentation; and selected sea floor spreading magnetic anomalics in Norway and
Lofoten basins. Abbreviations in Tables ! and 3. FSE, Faroe—Shetland Escarpment: VE.
Voring Escarpment; GR, Gijallar Ridge: NH, Nvk High: HG. Hel Graben: LR. Lofoten Ridge:
SH, Stappen High; FFC, Fles Faull Complex; OLD. Ormen Lange Dome; HHA, Helland
Hansen Arch; VI3, Vema Dome; WD, Naglfar Dome; VVP, Vestbakken Voleanic Provinee.
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12°

Fig. 3. 1 x 1’ grid frec-air gravity south of 72°N (Sandwell & Smiih 1997 V9.2) and 2 x 2" grid
north of 72°N (Andersen & Knudsen 1998) {top): and 5 x 5km gridded magnetic (Verhoef
ef al. 1956) (bottom) anomaly fields. Note the maps extend to 77°N to outline the trend of the
Hornsund Faull Zone, HFZ, along the Svalbard margin., The margin is outlined by the shelf
edge and 2000 m contour in white. Abbreviations in Table 3. VVP, Vestbakken Volcanic

Province.
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and typical breakup-related tectono-magmatic features and events. Finally, we con-
sider the post-opening margin evolution with an emphasis on the Paiacogene period.
The analysis is based on a large amount of seismic and geological data, gravity and
magnetic data (Fig. 3), and heat flow data {Sundvor et af. 2000). Although many
papers cover these objectives in whole, or in part, we also refer to previous summary
papers with a focus on: (1) regional aspects (Myhre er af. 1992; Blystad er al. 1995;
Doré er al. 1999; Brekke 2000; Skogseid et al. 2000); (2) volcanic margin features
and evolution {Eldholm et af. 1989, 1995); (3) sheared margins (Faleide e¢ al. 1991,
19934, b}, and (4) environmental aspects (Eldholm er al. 1994). We apply the time-
scales of Gradstein et al. (1994) and Cunde & Kent {1995).

Crustal structure

The five crustal transects across the main margin segments in Figure 4 are con-
structed from a comprehensive base of deep multichannel seismic (MCS) profiles and
wide-angle scismic velocity-depth profiles combined with standard, depth-converted
MCS profiles to obtain the upper crustal configuration. Figures 2 and 4 show that
the continental margin segments are composed of different geological province types
constituting distinct crustal blocks (Table 1}

The 6-10km thick crystalline normal oceanic crust in the Norway and Lofoten
basins (Eldholm & Mutter 1986; Jackson et al. 1990; Olafsson ez al. 1992; Kodaira
et al. 1995; Mjelde et al. 1996} upproximates the 7.1 km world average of Whitc et al.
(1992), whereas the thickness near the coastline is about 30km (Kinck ef al. 1993).
These end-members bound a continental margin where the crustal thickness is pri-
marily governed by extensional deformation, magmatism and sediment loading.
In particular, the volumincus igneous activity during breakup has left a distinct im-
print on the rifted margin segments. Passive, rified margins are commonly classified
as volcanic margins if there 1s evidence of excessive, transient magmatic activity
during final continental breakup and initial sea floor spreading. A lower crustal body
{LCB) characterized by high seismic velocity, 7.1-7.7 kms~' (Eldholm & Grue 1994;
Mielde ef al. 1997, 1998) is characteristic for the outer parts of the volcanic margins.
The top of the LCB has been imaged in deep MCS profiles (Skogseid & Eldholm
1995), whereas the Moho is determined from wide-angle profiles. Elsewhere the base
of the crust is commenly recorded both by wide-angle profites and MCS images. The

Table 1. Main crustal province tvpes (Figs 2 & 4) on the Norwegian margin, 62-73"N

Crustal province type Mocho depth Geological province

range, km
Oceanic crust 12 15 Norway (NB) & Lofoten (LB) basins
Marginal High 22-25 More (MMH) & Vering (VMH)
Crelacecus Basin 18-23 Mere (MB),Varing (VB), Harstad {HB),

Tromse (TB), Bjerneya (BB) &
Servesisnaget (SB)
Pre-Cretaccous Platform 26--28 Trendclag (TP) & Svalbard (SP)
Exposed conlinental basement >30 Fennoscandia
¢. 20 Lofoten-Vesteralen Islands
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Fig. 4. Margin transccts representative of typical rifted (Mare, Voring, Lofoten, Vestbakken)
and sheared {Senja Fracture Zone) margin segments (Figs 1 & 2). In the Vering Basin we show
both the base Cretaccous level of Skogseid et af. {1995} and Blystad ¢ of. {1995). The base
crust in the two northern transects is in part from gravity modeling (Breivik er of. 1998, 1999
Abbreviations in Figures 1 and 2.
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LCB is best developed on the Mere and Vering segments where it forms the lower
part of the thickened crust beneath the marginal highs, continuing east below the
crust that was extended and thinned prior to breakup (Fig. 4).

The transition from occanic to continental crust differs considerably belween the
rifted and sheared margin segments. The change from the top of oceunic to con-
tinental crystalline basement, the continent—ocean boundary (COB), is restricted to
5—-10km wide zone along the sheared Barents Sea margin {Falcide er af. 19934, b).
It is underlain by a distinct zone of steeply dipping Moho belween oceanic and conti-
nental levels, i.e. the continent—ocean transition (COT) (Jackson er af. 1990; Falcide
et al. 1991, 199353 On the rifted segments, the lava-covered COB is commoealy
placed landward of anomaly 24 at the seaward termination of a base reflector below
the inner paris of typical scaward dipping wedges of basalt flows. The position is less
clear in the Vestbakken Volcanme Province where seaward dipping wedges and sea
floor spreading anomalies have not yel been identified at the marginal high (Faleide
et al. 1991, Jebsen 1998) (Figs 2 & 4). The COT on the rifted scgments includes both
the thickened oldest oceanic crust and the pervasively intruded continental crust
landward of the COB (Fig. 4) (Eldholm et af. 1995).

Pre-breakup basin formation

The margin evolved within a region which has undergone successive periods of
regional lithespheric extension since the post-Caledonian orogenic backsliding and
collapse mm Devonian times. These periods were followed by subsidence and basin
lormation leading to a series of pre-opening sedimentary basins within the North
Atlantic ‘Arctic region (Doré et al. 1999; Roberts et af. 1999).

The pre-opening, structural margin framework is dominated by the prominent NE
Atlantic-Arctic Late Jurassic Early Cretaceous rift episode setting the stage lor the
development of major Cretaceous basins such as the Mare and Vering basins off’
Norway, and the Harstad, Tromsg, Servestsnaget and Bygrngya basing in the SW
Barents Sca (Fig. 2). However, the scismic and well control in these basins becomes
less substantive in the Lower Cretaccous, particularly on the outer margin. There is
yet no consensus about the base Cretaceous level in the central and western More
and Varing basins. In lacl, Vering Basin models vary by several kilometers in depth
as shown in Figure 4 (¢f. Ren er al. 1998). Thus. large uncertaintics may exist in pre-
Cretaceous sediment thickness estimates and in the depth to crystalline basement
which in most cuses is inferred from the scismic velocity-depth distribution (Eldholm
& Multter 1986; Jackson er al. 1990; Olafsson er ¢f. 1992; Miclde et af. 1998).

Regional nift episodes off Norway have also been interpreted as being of Late Car-
boniferous to Pernman times, and ol Triassic to Jurassic age (Bukovics et al. 1984;
Brekke & Riis 1987; Blystad er af. 1995). Moreover. the definition and the timing of
the late Middle Jurassic to Early Cretaceous tectonism are under discussion. Late
Middle Jurassic to earliest Cretaceous rifting is recognized by most authors (Blystad
et al. 1995; Brekke e¢r af. 1999; Brekke 20003, but there is less consensus on how far
into Early Cretaccous time the extension continued. For example, Lundin & Doré
{1997) and Doré et ¢f. (1999) divide this episode into separate Late Jurassic and Early
Cretaceous tectonic phases, suggesting that the Vering Basin was mainly formed
by subsidence following the latter phase. A similar tectonic evelution is recognized in



46 O. ELDHOLM £7 AL,

the Barents Sea, where Faleide 7 al. (1993a) also separate the main episode into
Middle/Late Jurassic and Early Cretaceous phases.

In the North Atlantic realm, there is evidence for modest mid-Cretaceous exten-
sion In the Voring Basin (Lundin & Doré 1997; Doré er a/. 1999; Ren ¢f al. in press),
Lofoten—Vesterdlen margin (Tsikalas er a/. 2001), onshore East Greenland (Surlyk
er al. 1981; Surlyk 1990), and SW Barents Sea (Faleide et af. 19934). In particular,
biostratigraphic data from the Vering margin reveal a change from neritic to bathyal
conditions and increase in sediment accommeodation space change in the Aptian—
Albian, attributed to eustatic sea-level rise and regional tectonism (Gradstein et al.
1999). Considerable quantities of sands were deposiied on the basin flanks and
around structural highs, particularly after a hatus emanating from a mid-Cenoman-
ian tectonic pulse. However, the regional character and the inter-relationships of the
tectonism need further studies.

Breakup-related tectonism and magmatism

At the onset of the Late Cretaceous rifting, the area between Norway and Greenland
was an gpicontinental sea covering a region in which the crust had been attenuated
by the multiple post-Caledonian rifi events (Doré 1991}, The Late Jurassic-Early
Cretaceous rift, in particular, is characterized by considerable crustal extension and
thinning (Faleide er al. 1993a; Skogseid 1994). Thus, the next major rift episede took
place within a region of greatly accentuated hithospheric relief.

There 1s little direct tectono-stratigraphic evidence to preciscly date the onset of
the Late Cretaceous—Paleccene rift episode leading to complete lithospheric break-
up. However, in the northern Voring Basin Ren er al. (1998) and Skogseid et al. {2000)
inferred that rifting occurred for a ¢.20Ma period prior to breakup at ¢ 55Ma.
Additional seismic interpretation and commercial drilling results on structural highs
in the outer Voring Basin (Fig. 2) made Ren er a/. (in press) suggest onset of rifling
at about 81 Ma and that the main period of brittle faulting, observed in the seisimic
data, occurred in the Campanian followed by smaller-scale activity towards breakup.
On the other hand, Paleocene focussing of the extension toward the initial plate
boundary may imply that part of the Paleocene brittle deformation is hidden beneath
the breakup lavas (Fig. 2} as documented by local, rotated fault-blocks protruding
the lava surface on the Lofoten -Vesterdlen slope (Fig. 5) (Tsikalas er af. 2001}
The Campanian rifting resulted in low-angle detachment structures that updome
thick Crelaceous sequences and sole out at medium to deep intra-crustal levels on the
Varing and Lofolen-Vesterdlen marging (Fig. 5), locally accompanied by core com-
plex development near the Gjallar Ridge (Lundin & Doré 1997: Ren et af. 1998) and
on the Lofoten—Vesterdlen shelf (Tsikalas er af. 2001).

The cxtent of the breakup-related rifting north of Jan Mayen Fracture Zone is
shown in Figure 2. Although similar features have not yet been documented in the
outer Mere Basin, we now continue the extension into the basin {Fig. 2). We also
predict that it continues farther southward below the lavas, noting that the dis-
tance between the landward lava boundary and the COB is larger than on the
Yering margin.

Fig. 5. Interpreted seismic profiles (Fig. 2} illustrating Late Cretaceous low-angle detachment
syslems beneath the Gjallar Ridge in the outer Vering Basin {a) (Ren et /. in press); and on
the Lofoten Vesterdlen margin (b and ¢} {Tsikalas er af. 2001).
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South of 70°N, the Late Cretaceous Palcocenc rift obliquely cuts the Late Jurassic—
Eurly Cretaceous mft zone. The nascent plate boundary constituted two mega-
lineaments; the rifted Reykjanes-Mohn Lineament in the south and the transcurrent
De Geer Lincament between the Barents Sca—Svalbard and NE Greenland farther
north (Fig. 6). Subsidence and sediment deposition within the growing rift continued
into Paleocene time when the Iceland Plume approached the base ol the lithosphere
{Skogseid et af. 1992; Saunders er af. 1997) inducing dvnamic and thermal uplift of the
rift basins. When the plume head material preferentially nugrated into the pre-existing
region of thinned lithosphere, decompressional partial melting accelerated, and
culminated with massive subaerial volcanism during breakup and early sea floor
spreading (Fig. 6). The change in thermal regime in the continental lithosphere cansed
by the approaching and impinging plume may have aflected the rheology of the
continenial crust (Buck et ¢f. 1988: Pedersen & Skogscid 1989), thus contributing to a
change from brittle to more ductile exiensional deformation from Campanian to
Paicocene times.

1 Basalt Flows {offshore) B Seaward Dipping Wedge 7771 De Geer Zone (shear)

; landward extent of __ .. Reykjanes-Mohn
Bl Volcanic Rocks (onshore) breakup intrusives Lineament (rift)

Fig. 6. North Atlantic Large Ipneous Province extrusive cover shown In an anomaly 23 plate
reconstruction, ¢ 3.5 Ma after breakup, modified from Eldholm & Grue (1994}, Fastern limit
of sill and low-angle dvke province off Norway from Berndt er @/, (2001} and Tstkalas er o/,
(2001). WB, Wandel Seu Basin.
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Table 2, Manifestations of Early Tertiary igneous breakup activity
on the Norwegion margin

e Continental flood basalts
associated intrusives

e Extrusive complexes along COT

- scaward dipping wedges, subhorizontal units

— associated intrusives
o Sills and low-angle dvkes in pre-Eocene basin sediments
» Regional tephra horizons

— vents
e Thick initial occanic crust
e High-velocity lower crustal bodies

Omnshore and offshore studies combined with scientific drilling show that the rifted
voleanic margins in Figure 2 belong to the North Atlantic Large lgneous Province
{cf. Eldhoim et af. 1989; White & McKenzie 1989). The magmatism was initiated at
about 62-60 Ma by sporadic, and small volume melting of variable compositions
{Saunders et af. 1997), followed by an intense, breakup phasc producing voluminous
mafic melts lasting 1-1.5 million years, gradually changing into waning, small-volume
melting of variable compositions. About three million years after breakup the system
returned to relatively normal mid-oceanic ridge production rates and the injection
center had subsided to the NE Atlantic mid-oceanic ridge depth. The igneous breakup
activity is manifested by a number of features (Table 2) of which the extrusive con-
structions, including huge wedges of seaward dipping lava flows, are among the most
spectacular in the seismic records (Figs 4 & 6). The present remains of the basaltic
lavas cover an area of at least 1,6 x 10° km? (Eldholm & Grue 1994). Spatially, there
appears to be a correlation of pre-breakup rift structures, intrusive distribution and
the LCB. Note that the LCB is part of both the oceanic crust formed during the
intense breakup phase and the pre-existing, thinned continental crust (Fig. 4) where it
is commonly interpreted as an underplated layer (White & McKenzie 1989), i.e. melts
ponded at the base of the continental crust. Alternatively, the LCB may represent a
body of layered intrusions (Handy & Strait 1999; Berndt e af. 2000).

Margin segmentation

The first-order rifted and sheared margin framework in Figures 2-4, defined by
offsets in the early Eocene plate boundary, is complemented by cross-margin struc-
tural features or lineaments separating margin segments of different along-margin
tectono-magmatic style and sediment distribution. Most of these features appear o
be assoctaled with pre-opening transfer or accommodation zones demarcating trans-
verse or obhque structural clemenis in extensional terrains (Lister et af. 1986, 1991;
Rosendahl 1987). The transfer zones within extended continental crust are commonly
spatially connected to carly opening, small-offset fracture zones (Table 3). Following
Tsikalas ef af. (2001) we use the term transfer system to include both the transfer zone
and the fracture zone. We stress that the fracture zone trend may represent a different
stress regime; thus it may diller from that of the transfer zone while the initial fracture
one location is governed by the older zone of weakness.
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Table 3. Main cross-margin features associaied with along-margin segmentaiion

Fracture zone Transfer zone Main deformation period

Jan Maven (IMFZ} Jan Mayen Lineament {JML}) Late Jur.—Early Cr.

Gleipne (GFZ) Gleipne Lineament {GL) Late Cr.—Paleocene

Surt Lineament (SL) Late Cr. Palcocenc
Bivrost (BFZ) Bivrost Lincament (BL) Late Jur. Early Cr.
Jennegga (JFZ} Jennegga (JTZ) Late Jur.—Early Cr.
Vesteralen (VEZ) Vesteralen (VIZ) Latc Jur.—Early Cr.
Senja {SFZ} De Geer Zone Pre-Tertiary, Eocene
Hornsund Fault De Geer Zone Pre-Terttary, Eocene—Miocens

Zone (HFZ)

In the south, complete continental separation along the Jan Mayen Fracture Zone
(Skogseid & Eldholm 1987) was achieved in the early middle Eocene, c.48 Ma.
Its landward prolongation, the Jan Mayen Lineament (Blystad et af. 19935), offsets
large, positive gravity and magnetic anomaly belts more than 200 km in a left-lateral
sense (Figs 2 & 3) probably reflecting Palacozoic or older crustal lineaments (Talwani
& Eldholm 1972). Similarly, the Mesozoic basin axes are shifted westward and
Torske & Prestvik (1991) suggested that the lineament represents a transfer zone
separating opposing, pre-opening, simple-shear detachment systems in the Mare and
Voring basins.

The landward prolongation of the Gleipne Fracture Zone is described as a diffuse
Late Cretaceous -Paleocene structural lineament, whereas the coeval Surt Lineament
farther north (Fig. 2, Table 3) marks a change in fault polarities between the Gjallar
Ridge and the Hel Graben, offsetting the Gjallar Ridge and Nyk High fault com-
plexes (Ren er af. in press). The Surt Lineament coincides with a change in magnetic
signature (Doré ef af. 1997) and it may be a basement-controlled feature (Brekke
er al. 1999).

The Vening and Lofoten-Vesteralen margins are separated by the Bivrost transfer
system. Structurally, the fracture zone marks the northern termination of the Varing
Plateau and the Varing Marginal High, and thus also the Vering Escarpment. The
Bivrost Lincament represents a dextral shift in main structural elements which may
have been rejuvenated during several tectonic episodes (Blystad er af. 1993).

The Lofoten- Vesterdlen margin contrasts with the adjacent margins in terms of
physiography, crustal structure, sediment distribution and history of vertical motion
(Taiwani & Eldholm 1972; Eldholm et af. 1979: Leseth & Tveten 1996), making it a
separate tectono-magmatic entity. However, analysis of seismic and potential field
data by Tsikalas et @f. (2001) shows that it consists of three separate segments, the
Lofoten, Vesteralen, and Andeya segments, defined by pre-opening NNW-trending,
Late Jurassic—Early Cretaceous transfer zones (Fig. 2). The normal fauli polar-
ity changes from scaward- to landward-dipping across the Jenncgga transfer zone,
accompaniced by a decrease in fault intensity; whereas the Vesterdlen transfer zone
marks a change in polarity to seaward-dipping and a further decrease tn fault inten-
sity. The transfer zones correspond to the small-ofiset, early opening Jennegga
(Mokhtari & Pegrum 1992} and Vesterlen {Tsikalas er of. 2001) fracturc zones
(Fig. 2, Table 3).
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The Senja Fracture Zone lies within the De Geer Zone (Harland 1969; Faleide et af.
19934), a mega-shear system linking the North Atlantic and Arctic prior to breakup
{Fig. 6. The fracture zone was first mupped beneath an elongule isostatic gravity high
on the continental slope in a conjugate position to the oceanic Greenland Fracture
Zomne (Fig. 1} (Talwani & Eldhelm 1977). Seismic data have later defined the COB
at the landward flank of the anomaly (Faleide et af. 1991). Nonetheless, the regional
shear zone may be composed of several segments ofset by small nift segments form-
mg a series of pull-apart basins east of the COB (Faleide et af. 19934, 5). Southwest
of Bjernaya, the COB is shifted to the east by a rifted margin segment, the Vest-
bakken Volcanic Province (Figs 2-4), characterized by smooth, opaque basement
interpreted as lavas extruded during breakup (Faleide er o/, 1988, 1991). Farther
north, the westernmost fault block of the Hornsund Fauit Zone has been interpreted
as the COB. The fault zone was a shear zone during the Eocene, but laler developed
into a series of NNW-trending normal faults east of the COB in response to the
change in relative plate motion 1n the earliest Oligocene (Myhre & Eldholm 1988).

Excepl for the Gleipne and Surt lineaments, there is little evidence for major defor-
malion along the transfer zones in Late Creluceous—Puleocene time. Hence, the pres-
ent margin segmentation is largely inherited {rom the Late Jurassic—Early Cretaceous
structural patterns. Nonetheless, the combined offshore and onshore data indicate
that the structural inheritance may extend much farther back in time. For example,
the prominent elongate gravity and magnetic shelf edge anomalies oftfset by the
Jan Mayen Lineament (Figs 2 & 3) may reflect intra-basement high-density bodies
of probable Precambrian age and/or basement relief (Talwani & Eldholm 1972).
Moreover, the Senja Fracture Zone has been considered as the prolongation of the
Beothnian-Senja fault complex, an Early Proterozoic shear zone across the Baltic
Shield (Henkel 1991; Zwaan 1995); and most other transfer zones have gravity and/
or magnetic signaturcs that may suggest some basement relief (Olesen et af. 1997;
Fichler et af. 1999; Tsikalas et al. 2001).

Palaeogene margin evolution, environment and sedimentation

Although a continental margin is a post-opening feature, we also include the
preceding rift episode for consistency. Fellowing some general inferences, we discuss
the rift- and shear-dominated margins. i.e. the margins off Norway and the Barents
Sea, separately,

The initial and carly, i.e. Palaeogene, margin history and segmentation is depen-
dent on both the state of the lithosphere prior Lo the onset of the Late Cretaceous
extension and the tectono-magmatic events during rifling and breakup. In addi-
tion, the plate boundary configuration during the early opeuning and the sediment
supply are important parameters. However, the history of the Norwegian margin
must also take inte account that the complex interaction of tectono-magmatic, eto-
sional and depositional processes took place during a period of major climatic
change. The Cenozoic depositional margin history comprises three main stages
{(Hjelstuen e al. 1999a): (1) Paleocene—early Eocene rift province uplift, breakup
volcamism and restricted basin sedimentation during a climatic maximmum culminat-
ing during the early Eccene greenhouse; {2} middle Eocene -Early Pliocene margin
subsidence and relatively modest sedimentation during a period of climatic decline;
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and (3) Late Pliocene-Pleistocene Northern Hemisphere glaciation resulting in deep
continental erosion, and very high sedimentation rates and large-scale sedimentary
fan construction.

The plate tectonic evolution provides first-order boundary conditions for palae-
oceanography and sedimentation in the Norweglan—Greenland Sea and its conti-
nental margins (Eldholm er @l 1994). The Palaeogene water mass circulation was
governad by a pronounced aleng-muargin ocean basin segmentation caused by offsets
in the initial plate boundary, the change in relative plate motion near the Eocene-
Oligocene transilion, local migration of the mid-ocean ridge axis, and the subsidence
of the Greenland- Faroe Ridge. In addition, the regional uplift along the initial plate
boundary and the subsequent formation of emerged marginal highs along several of
the rifted segments created important across-margin barriers (Fig. 7). This system of
across- and along-margin barriers affected Palacogene sediment sources, water mass
circulation and sediment deposition.

The pronounced Late Cretaceous transgression resulted in a fine-grained deposi-
tional mode within the seaway between Norway and Greenland (Doré er al, 1999).
However, the period of passive basin infill was followed by the Campaman-Early
Maastrichtian extension and basin fragmenlation creating depositional environ-
menls ranging from marginal to deep marine on the More--Voring margins changing
to shallow marine conditions farther north {Gradstein ef al. 1999; Roberts er al.
1999). This regional basin setting mav have persisted into the Paleocene when the

restricled basin

MH

Breakup

Young ocean

Mature ocean
w w

MH Y wor Y MH

MH  Marginat High MOR mid-oceanicridge ¥ COB

Fig. 7. Schematic illustration of volcanic margin basin segmentation creating across-margin
barriers for water mass circulation caused by laie rift uphft and construction of extrusive
edifices atopg the continent -occan boundary (COB).
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arrival of the Iceland plume within the region under lithospheric extension led (o
thermal and dynamic uplift of the rift zoue, part of which may have been emergent
from latest Paleocene until a few million years after opening.

The margin segmentation unplies thal the understanding of the Palaeogene history
in space and time is criticatly dependent on seismic well-ligs in the various geclogical
provinces. Despite the many commercial wells on the Maore, Varing and SW Barents
Sea shelves, there is yet only sparse well information from the middle and lower
continental slope {e.g. Brekke ef al. 1999; Martinsen et gf. 1999; Spencer ef al. 1999},
In addition to some pre-glacial samples obtained by shallow coring and drilling, the
threc receul industry wells exist on structural highs in the outer Vering Basin
(Granholm 1999; Ren er al. in press). However only one well on the Nyk High has
yet been described in the literature (Kittilsen et @l 1999). In addition, DSDP sites
338-340, 342, 346, and 349 (Talwant et al. 1976} and ODP sites 642-643 (Eldholm
et af. 1987 and 913 (Myhre er af. 1995} (Figs | & 2) have sampled Palacogene sedi-
ments and/or lavas erupted during breakup on the conjugate margins and the Jan
Mayen Ridge microcontinent. These sifes (Figs 1 & 2),n particular, provide impor-
tant biostratigraphic and environmental data {Goll 1989; Goll & Hansen 1992},
Together with the biostratigraphy and palaecbathymetry inferred from commercial
wells on the shelf (Gradstein & Backstram 1996), regional geologic considerations,
and sequence siratigraphic relations in the seismie data, we summarize a margin
history which predicts some aspects of relative motions and sedimentation, noting
that parameters such as absolute uplifi and subsidence, and in particular palaeo-
water depths, are still poorly constrained,

Norwegian margin

In the Late Cretaceous, pulses of coarse clastic input with an East Grecenland
provenance appear in the Vering Basin from early Cenomanian to at least early
Campanian (Roberts ef ¢l 1999; Kittelsen er ¢f. 1999). A western source was main-
taincd during the Paleocence leaving thick coarse clastic sequences thinning eastward
on the outer margin wesl of Shetland and in the Mere-Voring basins (Fig. 8)
{Hitchen & Ritchie 1987; Skogseid er al. 1992; Dore et al. 1999; Skogsetd et al. 2000).
The source for most these sequences 1s probably the apiifted Late Crelaceous—Early
Paleocene rift.

On the Mere and Vering shelves, the Palecocenc cpoch was characterized by
shallow water conditions dominated by channel and deltaic sedimentation creating a
regional, coast-parallel and asymmetric Paleocene depocentre (Brekke & Rius 1987;
Blystad et af. 1995) extending from the North Sea (Ghaz 1992; Kyrkjebe er al. 2001)
to the western Barents Sea (Faleide et al. 1993; Nagy et ¢/ 1997). Iis orgin is not
obvious, but it is probably related to a modest regional uplift of the mainland source
area. Skogseid ef al. {2000) have indicated a link to plume impingement which may
induce rapid subsidence and subsequent rapid rebound along the plume circum-
ference where the plume head thickness is small relative to the lithosphere.

ODP Sile 642 on the Varing Marginal High (Fig. 23, which terminated almost
I km below acoustic basement (Eldholm ef al. 1987), provides key information of the
compaosition and vertical motion history of a marginal high. The basement rocks
consist of (wo different lava series und interbedded velcanoclastic sediments. The
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lower series is andesitic lo dacitic in composition, emplaced by infrequent eruptions
of crustal melts during the late rift stage, and interbedded sediments indicate fluvial
or shallow-water deposition. The upper series has been dated radiomertrically to
53 Ma, whereas the lower series is not more than one million vears older {Sinton
el al. 1998). The ¢.800m thick upper lavas consist of transitional, mid-oceanic
tholeiitic basalts and altered, interbedded. basaltic vitric tufls. Subaerial and neritic
environments are inferred during and after breakup, when the lavas erupted during
an intense phase of explosive, subaerial basaltic volcanism.

After breakup, the oldest ‘Icelandic’-type oceanic crust accreted above or near sea
level. The intense volcanism abated in 2 3 million years, and the injection center sub-
merged to mid-oceante ridge levels. The change in production volume and emplace-
ment mode left the marginal highs trailing behind new crust accreted at the mid-
occanic ridge {Fig. 7). As the ocean basin widened and deepened, the highs subsided
at rates similar to oceanic crust, maintaining the basement relief (Eldholm er af. 1989),
Thus, across-margin circulation barriers, induced by regional uplift along the initial
plate boundary and the subsequeni formation of marginal highs, were maintained
also after breakup.

The elevated plate boundary region, which probably had an accentuated along-
plate boundary relief, was rapidly denuded. Thus, a major early Palaeogene sediment-
ary source region existed first in the central epicontinental sea between Greenland
and Eurasia and later on the voung margins, dominating the sediment supply and
deposition in the Mere and Vering basins (Fig. 7). Sediments from the east reached
the marginal high in middle Eocene. Later, the relief of the outer margin was gradu-
ally smoothed and the high became sediment-covered during the middle Oligocene to
early Miocene. This model is consistent with recovered basal sediments on the high
derived from continental soils formed under a hot, scasonably humid, climate fol-
lowed by an initially restricted marine depositional regime (Thiede er al. 1989).

Widespread volcanic ashes and bentonite beds in uppermost Paleocene to lower-
most Eocene in and around the North Sea Basin (Kunox & Morton 1988) indicate
that the subaerial volcanic activity was unusually violent probably reflecting local
magma-water interaction. The most abundant ash lavers occur in the lower Balder
Formation where a regional seismic marker has been attributed to the intensive
breakup velcanism (e.g. Eldholm et al. 1989; Skogseid & Eldholm 1989). The wide-
spread marker horizon documents that the igncous breakup activity (Fig. 6) had a
significant regional environmental impact (Eldholm & Thomas 1993).

The Eoccne and Oligocene epochs reflect the early margin history, governed by
differential subsidence caused by thermal cooling und contraction of the lithosphere
and by sediment loading and compaction. Several sea level falls are recorded by
unconformities and onlapping seismic patterns, and the Norwegian land mass and
the nner shelf gradually became dominant source areas. The sediment supply may
have decreased during the Eocene, bui carly Oligocene outbuilding on the inner shelff
indicates a regional, moderate uplift of Fennoscandia (Fig. 9}, The continental relief
may, however, have been rapidly smoothed. Relatively modest sedimentation pre-
vailed through the late Oligocene, possibly creating the peneplain that existed prior
to the late Neogene Fennoscandian epeirogenic uplift (Stuevold & Eldholm 1996).

The Bivrost Lincament represents a hinge line between the Varing Basin and the
structurally elevated Lofoten—Vesterdlen shelf (Brekke 2000). The latter has only a
thin Cenozoic cover soulh of the Jennegga transfer zone, whereas a Cenozoic wedge
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Fig. 9. Example of Oligocene and post-late Pliocene outbuilding on the Vering shelf (Hjel-
stuen er af. 1999} (Fig. 2). Legend in Figure 5.

increasing in thickness seaward is developed farther north. The breakup lavas extend
far up the slope (Figs 2 & 4), locally bounded by shallow basement ridges along the
shelf edge (Tsikalas et a/. 2001). Tt appears that the opening occurred on the cast
flank of the main Mesozoic basin, 1.¢ the equivalent 1o the More and Voering basins,
lies on the conjugate, wide East Greenland margin (Figs 1 & 6).

On both the middle and lower Lofoten Vesterdlen and the southernmost Barents
Sea slopes normal faulis locally offset the lavas and part of the overlying pre-glacial
sedimenls (Fig. 10). We believe this syn- and post-breakup tectonjsm is the response
of rapid post-breakup subsidence to the level of oceanic crust, contrasting signifi-
cantly with the region south of Bivrost transfer system. After breakup the subsiding
margin. and the Vering Basin, received sediments from the Lofoten—Vesteralen shelf
and adjacent islands. However, the steep slope allowed a major portion of the
sediments to be deposited on oceanic crust in the Lofoten Basin (Figs 4 & 10).

SW Barents Sea margin

The Late Cretaceous rift basins terminated at the De Geer Zone along which dextral
oblique shear movements produced the Harstad and Servestsnaget pull-apart basins
in the SW Barents Sea and the Wandel Basin in NE Greenland (Figs 2 & 6} (Hakans-
son & Stemmerik 1989; Faicide e¢ of. 1993a). The Harstad, Servestsnaget and Tromso
basins continued to subside in Late Cretaceous while the coeval sequences are
condensed or misssing larther east. The extension is recorded by numerous normal
faults, but minor wrench components are mapped locally. A hiatus spanning the
Cretaccous- Paleocene transition is overlain by a relatively uniform and widespread
late Paleocene marine sequence. However the hiatus is absent in the Vestbakken
Voleanic Provinee (Knutsen & Larsen 1997). Biostratigraphic data [rom well 7119,/9-
| in the Tromse Basin (Fig. 2) suggest a deepening of the depositional environment.
culminating near the end of the Paleocene, followed by shallower conditions (Nagy
et al. 1997).

Fig. 10. Interpretations of seismic profiles at cither side of the regional rilt-shear intersection
{Fig. 2} illustrating volcanic build-ups during breakup, and syn- and post-breakup tectonic
activity {Tsikalay ef af. 2001}, SDR. secaward dipping reflector sequence.
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After breakup the margin south of the Vestbakken Volcanic Province evolved as a
progressively lengthening sheared margin within the De Geer Zone until the end of
Eocene. The direction of Eocene plate motion was at a small angle with the Senja
Fracture Zone yielding transform motion with a transtensional component.

The Harstad Basin, located close to the regional rift-shear corner, experienced
early Eocene downfaulting and differential subsidence in a pull-apart setting. Sill
intrusions are observed within Cretaceous strata and a fault block just landward of
the COB is probably covered by lavas (Fig. 10). Local uplift and erosion in the
southern Servestsnaget Basin during this period is compatible with the predicted
response of a thermo-mechamcally coupled COT as the northeastern end of the
proto-Mohns Ridge passed along the margin (Vignes 1997). Sediments from the
uplifted areas prograded eastward into the Tromse Basin, while sediments sourced
from the uplifted Stappen High and the Vestbakken Volcanic Province were
deposited in the northern Servestsnaget Basin (Fig. 11).

The Vestbakken Velcanic Province underwent rifting and volcanisin followed
by down-faulting in a pull-apart setting {Fig. 12). The Tertiary stratigraphy is con-
strained by exploration well 7316/5-1 near the Vestbakken Volcanic Province (Fig. 2)
and several shallow cores which sample the most complete succession drilled 1o the
western Barents Sea (Eidvin et al. 1994; Sxtlem ef af, 1994; Knutsen & Larsen 1997).
Repeated tectono-magmalic activity in the Vesibakken Volcanic Province, compris-
ing as much as eight tectonic cvents (Jebsen 1998) and renewed magmatism near the
Eocene—ligocene trunsition (Faleide er @i, 1988) and in laic Pliocene (Mork &
Duncan 1993), is probably related to the complex plate teclonic evolution of the
Greenland Sea. The breakup-related structuring pre-dates, and is partly masked by
lavas. Subsequently, regional subsidence led to sedimentation over the entite prov-
ince but with local, minor faulting within the Eocene basin fill.

At the beginning of the Oligocene the entire length of the present Senja Fracture
Zone margin had developed. Increased westward progradation probably reflects a
regional uplift event coeval with that off Norway. The Oligocene sequence blankets
the entire margin as well as the oceanic crust in the adjacent Lofoten Basin (Fig. 11a),
Early Oligocene rifting related to the change in relative plate motion reactivated faults
in the Vestbakken Volcanic Province, in particular those with a NE-SW trend. This
phase was also associated with renewed volcanism, which partly overprinted the
breakup structures (Fig. 12) (Faleide er af. 1988; Jebsen 1998).

Intra-busin deformation

After breakup the margin becamc part of a regional compressive regime giving rise
Lo a number of intra-basin inversion [eatures off Norway and on the margin farther
south (Doré & Lundin 1996; Roberts ef a/. 1999; Dor¢ e af. 1999). O Norway large
domes and arches are the most common expression of the deformation (Fig. 2), but
reverse faulting is also observed. For example, 1 Cretaceous normal fault beneath
the outer flank of the Helland- Hansen Arch (Fig. 2) is reversely reactivated (Skog-
seid & Eldholm 1989; Doré & Lundin 1996). Tn addition, Stuevold er f. (1992) and
Hjelstucn et al. (1997) point out that differential sediment loading has also to be
considered when evaiuating dome geometry and location, and doming mechanisms.

Muny features show a multiphasc inversion, in some cases reactivating older rift
structures, and there are indications that the timing becomes younger 1o the north.
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The main inversion of the domes in Figure 2 is dated as late Eocene—early Oligocene
on the Ormen Lange Dome, late Eocene—early Miocene on the Helland -Hansen
Arch, and early—muddie Miocene on the Naglfar Dome by Doré et af. (1999), whereas
Hjelstuen er af. {1997) suggest a late Oligocene—Miocene age for both Vema and
Naglfar domes. We also note that a detailed study of the Ormen Lange Dome reveals
only moderate, <2-3%, contraction and that it has been growing continuously from
Eocene to Present (Vagnes et al. 1998).

There has been much speculution as to far-field cvents that may induce changes
the regional stress pattern, thus potentially trigger doming. In particular, events
in the Norwegian—Greenland Sea such as the change in relative plate motion near the
Eocene—Qligocene transition, shift in the position of spreading ridge segments, and
changes i relative plate speed have commonly been suggested (Hjelstuen et al. 1997,
Doré er al. 1999). However, no in-depth cause-and-cffect analysis have vet been
convincingly decamented.

Neogene and Quaternary summmary

For completeness, we briefly nole some important margn features and events, The
domes and arches controlled the sedimentation on the Varing margin in post-middle
Miocene times when Late Miocene muds and oozes filled in and buried the existing
reliel (Brekke et @/, 1999). Sedimentation continued into the Pliocene interspersed
with ice-rafted debris signifving regional cooling and formation of mountain glaciers
{Thiede ef al. 1989; Stuevold & Eldholm 1996). Over the entire shelf there is a distinct
unconlormity, which changes on the slope to a downlap surface for huge prograding
wedges of sandy muds sourced on the mainland and the shelf (Fig. 9). This horizon
marks the transition to glacial sediment deposition during the Northern Hemisphere
Glaciation since about 2.6 Ma. In terms of total post-opening sediment velume the
glacial component counstitutes as much as about 70 and 50% on the margins off the
western Barents Sea and Norway, respectively (Figs 8-12). The high-density glacial
load on sediments of lower density and higher waler conlent may, in part, explain
recent margin deformation such as large-scale shiding (Fig. 10) {(Bugge er al. 1987),
mud volcanoes and extensive provinces of mud diapirism (Vogt ef al. 1997; Hjelstuen
et al. 1999a, b}, and possibly rejuvenation of older faulis triggering carthquakes
{Byrkjeland ez al. 2000).

The morpholegy of Fennoscandia and the atmost complete absence of onshore
Mesozoic and Cenozoic sediments have for more than a century been interpreted in
terms of epeirogenic uplift. In particular, a Jower to middle Miocene hiatus on the
Norwegian shell {Gradstein & Backstram 1996; Brekke 2000) may be related to
renewed tectonic uplift of the eroded landmass in late Oligocene or early Miocenc
time, later amplified by the isostatic respeonse to the numercus glacials and mter-
glacials since the late Pliccene. This induced large-scale glacial erosion of the shelf
and mainland sourcing the voluminous wedges of glacial sediments centered near the
present shelf edge (Stuevold & Eldholm 1996; Faleide er al. 1996).

Summary and conclusions

The continental margin off mainland Norway and SW Barents Sea, 62 -75°N,
evolved after opening of the Norwegian—Greenland Sea near the Paleocene—Eocene
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transitton. The lithospheric breakup was accompanied by massive, regional mag-
matic activity forming marginal highs and covering the initial oceanic crust, and
large parts of the adjacent continentai crust. with thick lava sequence, resulting in
rifted volcanic margin segments. The magmatism is related to the impingement
of the Iceland plume on lithosphere under extension, thus the volcanic margins
belong to the North Atlantic Large Tgneous Province, The breakup was preceded
by a rift ¢pisode, clearly recognized by low-angle normal faulting on the outer
margin during the Campanian. The fault activity continued toward breakup but
appears to have been less trequent during the Paleocene. This is ascribed to focus-
sing toward the incipient plate boundary, an area now covered by lavas, as well as
to a more ductile lithospheric response when the thermal regime changed during
plume arrival.

The margin exhibits a distinct along-margin segmentation comprising four main
rifted segments: Meore, Vering, Lofoten—Vesteralen and Vestbakken margins separ-
ated by the East Jan Mayen, Bivrost and Senja fracture zones and their landward
prolongations. We also document a further segmentation of the Vering and Lofoten—
Vesterdlen margins. The present margin segmentation is mainly related to Late
Jurassic- Early Cretaceous transfer zones which have pre-determined the location of
early opening fracture zones. However, many indicators point towards a much longer
history of structural inheritance, extending back to pre-Mesozoic times.

After breakup, the passive margin evolved in response to subsidence and sedi-
ment loading during the widening and deepening of the Norwegian—Greenland Sea.
The complex mnteraction of tectone-magmatic, erosional and depositional processes
which occurred during a period of climatic deterioration have governed the present,
and in particular the Palaeogene, margin physiography, crustal structure, tectono-
magmatic segmentation and sedimentation. In addition to the along-margin con-
straints on Palacogene palacoceanography and sedimentation caused by offsets in the
initial plate boundary, the water mass circulation was also governed by a pronounced
across-margin basin segmentation caused by regional uplift along the initial plate
boundary and the subsequent formation of emerged marginal highs along several of
the rifted margin segments. The Palaeogene sedimentation on the outer margin was
dominaled by western source arcas in the Palcocene and carly-middle Eocene,
whereas shell sedimentation reflected a modest uplift of the mainland. In late Eocene
and Oligocene, the mainland and shelf areas became progressively more dominant,
and most of the marginal high and fracture zone relief was buried by the end of the
period. Sediment volumes were relatively modest, except for a pulse of rupid pro-
gradation from the mainland in the early Oligocene. The selling was maintamed,
superimposed by intra-basinal doming on the Vorimg margin, until the Late Pliocene
when the Northern Hemisphere Glaciation led to rapid progradation and greatly
increased sedimentation rates forming a huge, regional depocentre near the sheif
edge along the entire margin.

This study is in part based on work by many colleagues and students associated with the Uni-
versity of Osto Passive Margin Research Group (PMRG), and was completed while the senior
author was on sabbatical leave at the University of Bergen. In particular, we recognize contri-
butions from Shicun Ren and Jakob Skogseid. Funding of PMRG by Statoil a.s is grate-
futly acknowledged, and we thank Vidar B, Larsen and Erik Lundin for valuable msight and
assistance.
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Abstract: Heavy mineral assemblages in deepwater Paleccene sandstones of the
Foinaven Sub-basin {west of Shetland) reflect the influence of three main proven-
ance and dispersal systems. The Schichallion system has relatively uniform
characleristics and persisted through much of the earfv-mid Paleocene. Tts sphere
of influence was centred on the Schiehallion Field, but it progressively encroached
into the Foinaven area with time. Its main source was the Triassic Foula Forma-
tion, with minor supply from Lewisian and Moine basement rocks. The Foinaven
svsternt shows marked changes in character, related to cvolution of the source
area. The earliest sands were derived from a heavily weathered late Crelaceous
regolith, and represent the onset of uplift and exhumation of the Shetland Plat-
form. Progressive unroofing led to the incorporation of mcreasing amounis of
Lewisian- and Moine-sourced detritus. Following deposition of the main reser-
volr sandstones in Fomaven and Schichallion, there was 4 progressive change m
provenance, with a pradual incresse in the amount of sediment shed directly from
melamorphic basement. Pulsing of the proto-Icelandic plume has been proposed
as the mechanism for repeated influx of sand to the basins around Scotland.
However, on the basis of uvailable geochronological data, there does not appear
10 be a direct link between events in the British Terliary Igneous Province (RTIP)
and changes in provenance in the Foinaven Sub-basin. The initial influx of sedi-
ment from a weathered land surface may have been coeval with the onset of
magmatism in the BTIP, but the cessation of supply through the Foinaven system
at ¢. 39 Ma docs not appear to be related to magmatic events in the BTIP. The
waning of magmatism in the BTIP around 58 Ma is broadly comcident with
graduai increase of first-cyele basement detritus.

The Paleccene of the Faroe-Shetland Basin (Fig. 1} has been the object of much oil
industry attention since the discovery of the Foinaven and Schichallion fields in the
early 1990s (Hanna et @l 1996}, Together with the more recently discovered Loyal
and Suilven fields and near-field satellites, total reserves are estimated to be close
to one billion barrels {Lamers & Carmichael 1999). Although a number of gas dis-
coveries have been made in Paleocene sandstones in the Flett Sub-basin, which lies in

From: JoLLey, . W, & BeLL, B. R, {(eds} The North Avlantic lgncous Province: Stratigraphy. Tecionic,
Voleanic and Magmatic Processes. Geolopical Society, London, Special Publicaiions, 197, 69 93. 0305-
8719/02/515.00 € The Geological Society of London 2002.
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Fig. 1. The Foinaven and Flett sub-basins, west of Shetland, UK continental shelf, showing
distribution of potential source rock lithologics in the provenance, together with the location
of the Strathmore Field. Adapted from Lamers and Carmichael (19499),

the northeastern part of the Faroe- Shetland Basin, the greatest attention has focus-
sed on the Foinaven Sub-basin, in the southwest, where the only oil accumulations
have been found.

The reservoir sandstones in the Foinaven Sub-basin are of Late Paleocene
(Thanctian) age, and arc deepwater in ongin, deposited within or related to chan-
nelized submarine slope systems (Cooper ef af. 1999; Leach et af. 1999). Similar decp-
water sands are found at older stratigraphic levels as far back as Early Paleocene
{Ebdon ef af. 1993), but these have not yet been proved to be hydrocarbon-bearing.
During the Late Paleocene, a large prograding shelf system built cul from the SE
{Ebdon er af. 1995; Lamers & Carmichael 1999), and a non-marine, paralic environ-
ment was established across the whole area by the Early Eocene.

Ebdoen et af. (1995) drew attention to the question of sediment provenance in the
Eoinaven Sub-basin, recognizing that lateral and stratigraphic variations in sand
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input were a key element in reservoir presence, and possibly in reservoir quality.
This paper documen{s variations in composition of the lower to mid-Paleccene
sands of the Foinaven and Schiehallion areas, and discusses the implications of these
mineralogical variations in terms of the lateral extent of sediment dispersal systems,
the evolution of sand provenance and its implications for uplift and exbumaltion, the
relationship with reservoir quality and the recognilion of mulliple phases of oil
migration. The study utilizes heavy mineral data from 10 wells (204/19-3A, 204,20-1;
-1Z, 204/23-1; 204/24a-1; 204/24a-2; -2Y, 204/24a-3; 204/24a-5; 204/24a-6; 204;24a-
7; 204/25b-5 and 205/16-2) and is based on over 340 conventional heavy mineral
analyses of core and sidewall core samples augmented by microprobe analysis of
garnet populations from over 110 samples (56 garnets per sample).

Heavy mineral analysis

Heavy minerals are sensitive indicators of provenance because many of the detrital
minerals found in sediments have restricted parageneses. However, in addition to
provenance, a variety of processes operative during the sedimentation cycle influence
the composition of heavy mineral suites. These include weathering at source, mech-
anical abrasion during transport, weathering during alluvial storage, hydrodynamic
conditions at the time of deposition, and diagenesis during burial {Morton & Halls-
worth 1999). Consequently, it is important that the heavy mineral criteria used to
differentiate sand provenance and to delineate sand body distnbution are got influ-
enced by these overprinting processes.

Two methods are used to establish sand provenance from heavy mineral data. The
first approach uses ratios ol the abundance of minerals that have similar hydraulic
behaviour and are stable within the diagenetic regime affecting the sample set. Such
ratios are not affected by variations in the hydraulic regime or by bunal diagenesis
{Morton & Hallsworth 1994). Ratios routinely used for provenance discrimination
are garnet/zircon (GZi), apatite/tourmaline (ATi), rutile/zircon (RuZi), monazite/
zircon (MZi) and chrome spinel/zircon (CZi). They were determined during optical
analysis of the heavy-mineral residues, and are expressed as index values as shown In
Table 1. Of these ratios, the only two that show significant variations in the Foinaven
Sub-basin are GZi and ATi. In some circumstances, GZi values may not be represen-
tative of depositional characteristics because of diagenetic dissolution of garnet
during deep burial {Morton & Grant 1998). However, in the Foinaven Sub-basin
there is no evidence for development of corrosion textures on grain surfaces, indicat-
ing that garnet dissolution has not occurred to any appreciable extent (Morton et al.
1989). Consequenlly, variations in GZi are considered to be unaffected by diagenetic

Table 1. Definition of provenance-sensitive mineval indices {from Morton & Hallsworth 1994

Index  Mineral pair Determination

ATi Apatite, tourmaline 100 x apatite count/{total apatite plus tourmaline)

GZi (Garnet, sircon 100 x garnet count/(lotal garnet plus zircon)

RuZi Rutile, zircon 100 = rutile count/{total rutile plus zircon)

CZi Chrome spinel, zircon 100 x chrome spinel count/{total chrome spinel plus zircon)

M7 Monazite, zircon 100 x monazitc count/(total monazite plus zircon}y
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processes. It 1s not possible to alter the ATi value during diagenesis given the stability
of both apuatile and tourmaline during deep burial. However, ATi may be lowered by
wealhering processes that act at source, during periods of alluvial storage during
transport, and at the final site of deposition. In the deep-water environment of the
early-mid Paleocene of the Foinaven Sub-basin. weathering processes cannot have
lowered ATI at the depositional site. Nevertheless, ATi values may at least in part
reflect the overall weathering history of the sediment (both during the present sedi-
mentary cycle and in previous cvcles).

The second approach to establishing sand provenance concentrates on variations
shown by an individual mineral species. Such varietal studics include analysis of
attributes cbserved during optical analysis, such as colour or grain shape. In this
study. emphasis was placed on geochemical variations shown by detrital garnel
populations, as described by Morton (1985). Previous studies (Morton 1987 Morton
et af. 1993) have demonstrated that garnet geochemical data provide a high degree of
resolution in distinguishing Paleocene sand provenances in the North Sea.

Geochemical studies of garnets derived from different Scottish basement terrains
provide a basis for linking garnet assemblages 1o their original source. Garnets
derived from low- to moderate grade metasedimentary terrains (such as the Moine
and Dalradian) are virtually exclusively low in pyrope, and have variable grossular
and spessartine (Fig. 2). By contras{, garnet populations derived from the high-grade
Lewisian orthogneiss lerrain contain abundant high-pyrope, high-grossular garnets
{(pv > 10%, gr>10%). Both Lewisian and Moine basement rocks were exposed
along the western margin of the Shetland Platform during the Paleocene (Fig. 1).
Neither type of basement rock provide appreciable quantities of high-pyrope, low-
grossular garnets (py > 20%. gr > 10%). These garnets are frequently lcund in UK
sandstones, including the Paleocene of the North Sea (Morton 1987; Morton et al.
1993). and form a significant component of the garnet populations in the Paleocene
of the Foinaven Sub-basin. They are, however, found in high abundances in Triassic
Foula Formation sandstones in the Strathmore area (Herries ef @/, 1999), in the
immediate vicinity of the Foinaven Sub-basin (Fig. 1), and are considered to have an
exotic source consisting of high-grade (granulite facies) metasediments or charnock-
ites. Thus, in ithe Foinaven Sub-basin, the relative abundance of (i} high-pyrope, low-
grossular garnets; (ii) high-pyrope, high-grossular garnets; and (iii) low-pyrope,
variable grossular, variable spessartine garnels can be used to indicate the relanive
amounts of sediment ultimately supplied from the Foula Formation, from Lewisian-
type basement, and from Moine/Dalradian-type basement respectively.

Both optical {including ratio determinations) and geochemical heavy mineral
studies were conducted on the 63-125 pm fraction, following Morton & Hallsworth
(1994). Analytical methods are as described by Morton & Berge {1995).

Paleocene stratigraphy

Paleocene sediments in the Foinaven Sub-basin have been subdivided using both a
lithostratigraphic scheme (Knox ef ¢/. 1997) and a sequence stratigraphic framework
(Ebdon er af. 1995). The sequence stratigraphic scheme uses a series of packages
{T10-T5() bounded by maximum flooding surfaces, formulated using a combination
of well, seismic, log and biostratigraphic data. Lamers & Carmichaetl (1999) have
introduced greater sophistication to the T-sequence scheme in the Faroe Shetland
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Rivers draining Rivers draining Rivers draining
Muoine Datradian Moine/Dalradian
metasediments metascdiments of Shetland

AS

Rivers draining Rivers draining South Foula Formation
Lewisian Harris igneous complex 204/30-2
gneisses (Lewisian} {Strathmore Field)

LE e ",
R
rF
¥

As/

Fig. 2. Garnets rom river sedimenls draining the low- to moderate grade metascdimentary
terrains (Moine and Dalradian} of northern Scotland, compared with those from rivers
draining high-grade Lewisian gneisses and from the Foula Formation {Triassic) in the Strath-
more Ficld. AS, almandine plus spessartine; P, pyrope: G. grossular.

Basin, with the subdivision of T20-T30 into nine packages (T22, T25, T28, T31, T32,
T34, T35, T36 and T38). The relationship between the T-sequences and the litho-
stratigraphic framework is shown in Figure 3.

For the purposes of this study, sandstones have been grouped into six strati-
graphic packages (T10-22, T25, T31-32, T34, T35-36L and T36U). The subdivision
of T36 sandstones inte lower and upper is made on the basis of their position below
or above a regional volcaniclastic marker, the Kettla Member, which forms the basal
part of the Lamba Formation (Knox ef af. 1997).

Evolution of sand provenance

Lateral and stratigraphic changes in mineralogy are illustrated using three plots for
each time-slice, linked to a map identifying which wells have particular mineralogies.
The three plots are:

(1)  ATi (apatite/tourmaline index) v. GZi (garnet/zircon index).
(2 ATi v. proportion of high-pyvrope, low-grossular (py > 20%; gr < 10%) garnets
{(recycled from the Foula Formation).
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Fig. 3. Paleocene stratigraphy in the Foinaven Sub-basin, from Lamers and Carmichael
(1999}, Time scale is that of Bergpren et al (1995). Apes of intrusive magmatism and strati-
graphic distribution of volcanic ash beds simplified from White & Lovell {1998}, with the onset
of magmatism taken at 62.8 Ma following Pearson et af. (1596).

{3) Ternary diagram showing relative abundance of high-pyrope, low-grossular
(py = 20%; gr< 10%) gamets (Foula Formation source), high-pyrope, high-
grossular (alm + spe < 70%., py > 10%, gr> 10%) garnets (Lewisian source),
and Jow-pyrope, variable grossular garnels (Moine source).

T10-T22 (Fig. 4)

Two distinct supply systems can be distinguished on the basis of the heavy min-
eral data during T10-T22. One of these supplied sediment to the eastern part of the

Figs 4-9. Key heavy mneral characteristics of T10-T22, T25, T31-32, T34, T35-36L and
T3617 sandstones in the Foinaven sub-basin, shown using:

(i}  a crossplot of garnet-zircon index {GZ1) against apatite- tourmaline index {ATi);

(it} apatite—tourmaline index {ATi) against abundance of high-pyrope (py = 20%), low
grossular (gr < 10% ) garnet (as a component of the detrital garnet population); and

{ili} ternary diagram showing the relative abundances of high-pyrope, low-grossuiar gamet
{p¥ > 20%, gr < 10%)}, high-pyrope, high-grossular garnet {py > 10%, gr > 10%). and
low-pyrope, variable grossular garnct. Compositions of garnct asscmblages from Moine
and Dalradian metasediments. Lewisian gneisses and Foula Formation sandstoncs
{from Fig. 2} are shown for comparison.

Maps identify wells where sandstones of contrasting mineralogies have been found. together
with inferred sediment entry poinis.
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sub-basin (the Schiehallion area}), identified in Well 204,/20-17. The sediment sup-
plied by this system is characterized by uniformly high ATi and GZi values {=80 and
>90 respectively), and by garnet assemblages with moderate to high abundances
of high-pyrope, low-grossular garnets. These parameters indicate that the proven-
ance of this svstem was dominated by Foula-type sediment, with minor amounts
of material ultimately derived from Moine/Lewisian basement rocks. The high ATi
and high GZi suggests that the source material had undergone relatively limited
weathering.

In the welis from the western part of the study area {204/19-3A, 204:24-1A,
204/24a-5 and 204/24a-7) the sandstone mineralogy shows a clear evolution with
time. ATi and GZ1 values are at their lowest in the earliest T1{ sandstones, increas-
ing stratigraphically upwards in 2l wells to a maximum ATi of ¢. 70 and GZi of ¢.90.
This trend is accompanied by an evolution in garnet composition. beginning with
assemblages dominated by high-pyrope, low-grossular types (sourced from the Foula
Formation) and progressing to assemblages with a stronger basement (predominantly
Lewisian} component. The full evolutionary paiiern is shown by 204;24a-7 and
204/24-1A, whereas only the later stages of the pattern are seen in 204/19-3A and
204/24a-5. It therefore appears that 204/24a-7 and 204/24-1A are more proximal o
the entry point supplying this material, and that the mineralogical data may provide
useful constraints on correlation in the TL0-22 interval in the Foinaven area. The
source of the sediment supplying the Foinaven area at this time initially comprised
intensely weathered Triassic and basement rocks, presumably representing a Late
Cretaceous regolith, with unroofing causing the rapid introduction of unweathered
material. BGS borcholes along the western margin of the UKCS have found
evidence for deep weathering profiles. most notably BGS borehole 777, located on
the Solan Bank High to the south of the Foinaven Sub-basin in Block 202/16 (Evans
et af. 1997). This borehole found a kaolinitic regolith some 18.5m thick overlying
Lewisian basement. Evans ef «f. (1997) suggested that the regolith development was
most likely to have taken place in the early Eocene, but Cretaceous was also
considered a possibility.

There 1s evidence, therefore, for the operation of at least two distinct feeder systems
to the Foinaven Sub-basin from the very start of Paleocene sedimentation. One of
these (the Schiehallion system) supphed sediment mostly derived from the Foula
Formation to the Schiehallion area, with no evidence for the existence of a4 Late
Cretaceons weathering profile. The other (the Foinaven system) supplied the Foin-
aven area with detritus from a combination of basement and Foula maternial, with
evidence for the progressive removal of deeply-weathered material from the Late
Cretaceous land surface. The fact that the evolutionary trend lerminates with detritus
that hus an ATi value of ¢. 70 indicates that weathered material remains a component
of the Foinaven provenance, This component may be recycled (1.e. weathered during
previous sedimentation cycles); a possible candidate for this 1s the Jurassic Rona
Formation (Verstralen er ¢f. 1995; Herrtes et af. 1999). The presence of the complete
T10 -22 evolutionary trend in 204,24a-7 and 204;24-1A suggesis that the entry point
for the sediment was to the SE of the Foinaven Field, in Block 20425, as shown by
Cooper ¢t al. (1999). Ebdon et af. (1995) suggesled thal there may have been (urther
entry points to supply postulated depocentres in the unlicensed area in the Foinaven
Sub-basin (*White Zong’) to the NW, but as yet mineralogical data are not available
for comparison.
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725 (Fig. 5)

Relaiively few T25 sandslones have been analysed, but the limited data available
indicate that the two different dispersal systems identified at the T10-22 level con-
tinued to operate. However, the area influenced by the Schiehallion system appears to
have expanded at the expense of the Foinaven system. The samples from 204/26-1Z,
204/24a-7 and one from 204/19-3A have similar parameters to those from the T10-22
n 204,;20-17, with high ATi, high GZi and abundant high-pyrope, low-grossular gar-
nets. These sediments were evidently supplied from similar sources to those supplying
the Schiehallion area in T10-22 (dominantly Foula-type material). It seems likely,
however, thal this material entered the basin through both the Schichallion entry
point and the entry point SE of Foinaven. This implies a change in the nature of
sediment supplied through the SE Foinaven entry point.

The T25 sequence in 204/19-3A alsc includes sands with mineralogies akin to
those supplying the Foinaven area during the later part of the T10-22 interval, with
generally lower ATi values and higher abundances of garnets derived from Lewisian-
and Moine-type basement. These sands, which appear te be volumetrically relatively
insigmficant, represent continunation of supply from the Foinaven system, but it
scems likely thal this was fed through the entry point identified to the scuth of Foin-
aven (Cooper et ¢l 1999).

131-32 (Fig. 6)

The T31-32 sands, together with those in the succeeding T34 interval, host the
madjority of hydrocarbons discovered to date in the Foinaven Sub-basin. Heavy
mineral data from this interval show that two distinct sources continued to supply
sediment to the area through a number of separate entry points. This has clear
and important implications for the understanding of reservoir sand distribution in
the area.

Sandstones from the Schichallion Field (204/20-1 & -1Z, 205/16-2) and the
northeastern part of the Foinaven Field (204/19-3A, 204/24a-7) have high ATt and
GZi, together with common to abundant high-pyrope, low-grossular garnets. The
range of parameters found in these samples is virtually identical to that shown by
sand supplied earlier {T10-20) through the Schiehallion system. Theyv are interpreted
as having becn sourced by the sume syslem, fed through at least two enfry peints,
one S of Schiehaliion and one SE of Foinaven. The provenance of this material is
identical to that of material fed through the same system in T10-20.

Sandstones in the western part of the Foinaven area (204/23-1, 204/24a-2 & -2Y,
204/24a-3, 204/24a-5 and 204/24a-6) have lower ATI, lower GZi and higher abun-
dances of Lewisian- and Moine-type basemeni-sourced garnets, On the ATi-high
pyrope, low grossutar garnet crossplot and the garnet ternary diagram, the range of
parameters shown by this group of sandstones does not overlap with that supplied
through the Schiehallion system. On the ATi—GZ1 crossplot, the two groups are
also well-defined, although there is a small degree of overlap. The sands in the west-
ern part of the Foinaven Field represent sediment supplied through the Foinaven
systern, fed through the entry pomt in the 8 of the field (Cooper et al. 1999).

The mineralogy of sediment fed through the Foinaven system during T31-32
shows further evolution compared with that supplied during T10-20. ATi and GZ1
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values are generally higher, and show greater affinities Lo sand fed through the
Schiehallion system. Garnet assemblages include generally higher numbers of high-
pyrope. low-grossular garnets. The Foiaven system therefore appears to have
incorporated greater amounts of Foula-type material than during T10-20. with lower
proportions of Lewisian- and Moine-type basement. The mineralogical data indicate
a greater degree of homogenization of provenance at this lime, with the provenance
of the Fomaven system becoming more akin to that of the Schiehallion system.

By mappmg seismic rellection terminations, Cooper ef af. (1999) interpret the T32
reservoirs in Foinaven as comprnising a series of offlapping channel complexes. one
linked to the SE entry point and the other three with the § entry point. The heavy
mineral data are gencrally consisient with the channel distnbution as mapped
seismically, with the exception of 204;24a-3. This well is interpreted by Cooper ef al.
{1999} to lie at the southern limit of the channel linked to the SE entry poinl. but
heavy mineral dala indicate it is strongly influenced by the system led through the
S entry point. Evidently, linking provenance data with detailed seismic mapping
adds sophistication to the understanding ol channel distribution.

Although most of the sunds i well 204/2da-7 have Schiehallion-type mineralogy.
fed through the SE entry point o Foinaven, some sumples have clear affinities with
sediment fed through the § entry point. This dual affinity 1s mamfested by inter-
bedding of Schichallion- and Foinaven-type mineralogics. It is not clear at this stage
how this interbedding was achieved. 1t 15 possible that the pattern resulted from the
inlerfingering of two syslems operating simultanecusly. Alternatively. 1t 15 possible
that Foinaven-type material was led through the SE entry point penodically dur-
ing T31. This could also account for the anomalous mineralogy shown by two sam-
ples {rom 204;23b-5, located within the channel! near to the SE entry point: these
samples have the high AT and (GZ1 associated with the Schiehallion source. but have
garnet compositions akin to those of the Foinaven system.

T34 (Fig. 7)

There was a signilicant change in sediment provenance bhetween T31-32 and T34,
since all the T34 sands in Foinaven and Schichallion have heavy mineral charac-
teristics comparable with those previously associated with the Schiehallion disperal
syslem (high AT, lugh GZi and garnet assemblages rich in the high-pyrope. low-
grossular component). Tt therefore appears that across the entire area. T34 sands
represent continued mput from the Schichallion system, sourced predominantly from
material with Foula Formation characteristics with small amounis supplied from
other sources. The Foinaven-type source appears to have been cut off, and does not
reappear during T36. Sediment mput is likely 1o have occurred via the entry point
south of Schichallion and through the SE entry point in Foinaven.

T35-lower T36 (Fig. 8)

Coverage of the T35-lower T36 interval is less comprehensive than with T31-32 and
T34, but the data show that provenance and dispersal patterns centinued to change.
In lact, one of the most fundamental changes in Paleocene provenance took place
between T34 and T35.



Fw
Joa19 204:20 208te 100

|
|e*
) |
80 t}‘
E M 1
(7] |
» 4 1 |
20423 LR L \
, | J_
ot 1 1| _l._ 1]
0 10 20 30 40 0 ﬂ} %0 100
ol ATi
* 2041934 B 20420-1, 12 O20424-1A 02042402
02042403 A 2042407 - 22505
L ] W
100 Ir —
low-py, varisble g&sp_ * Foinaven System % I =
= Schichallion System 80 l .
@ Garnets from rivers draining 70 !
Moine and Dalradian
60 + - | i
= Garmets from rivers draining a4
the Lewisian S s t . ! — —
2. Foula Formation { Triassic), 40 1 | [
Strathmore field 30 { £3 ! !
= 1 ;
10 1 t | : ———
0 ] + l ' | S |
0 10 20 30 40 50 60 70 80
% high-pyrope, low-grossular gamet
hi i low-gr, high-py
i B *20419.3A RO4201,1Z O204241A A240462,2Y
02042403 A 2042407 +204725b-5

Fig. 7.

NISVHEANS NHAYNIOT "SWHLSAS [vSAddSId LNHWIATS

I8



Fig. 8.

W
e 20020 sie

-

L
o Foinaven System

= Schiehallion System

« Gamets from rivers draining
Moine and Dalradian

o Gamets from rivers draining
the Lewisian

low-py, vaniable gr & sp

/ £ Foula Formation (Triassic),
"""" ) Strathmore field

highepy, highegs ; Jow-gr, high-py

T35-36L

ATI
o= B 288388232z 28

g 2 8

-]

*
d *
Ic@f
L 3
»
0 10 20 30 40 S0 60 70 &0 90 100
ATi
*20V193A 20420112 X 204231 ©2042406
_ + ¥ g
| ]
.
0 10 20 30 40 50 60 70
% high-pyrope, low-grossular gamet
2041934 0401, 1Z 02042486

DV

IV Id NOLYOW



SEDIMENT DMSPERSAL SYSTEMS, FOINAVEN SUB-BASIN 83

The long-lived and mineralogically consistent Schichallion dispersal sysiem con-
tinued to supply sand to the Schiehallion area, but only one sample (from 204/20-17)
has the typical characteristics of this source (high ATi, high GZi and abundant high-
pyrope, low-grossular garnets). Samples from 204/23-1, 204/24a-6 and most of those
from 204/19-3A have high ATi and high GZi, similar te Schiehallion-type sands, but
are distinctive in that garncet assemblages are relatively poor in high-pyrope, low-
grossular (Foula-type) garnets (Fig. 8). A relatively large number of samples have
(371 values hetween 70 and 80, lower than those typically linked with the Schichallion
svstem, but these have higher ATi values than those associated with the Foinaven
system. Where mineral dissolution is not advanced {in 204/23-1 and the upper part of
204/19-3A), epidote and amphibole abundances are unusually high (in the context
of the Foinaven Sub-basin data set),

These characteristics suggest that most of the sediment was sourced directly
from basement rocks (including Lewisian and Moine). Recycling is of lesser impor-
tance than previously, although there is continued evidence for a Foula component.
The tendency for relatively low garnet abundances in some samples is interpreted
as a reflection of the involvement of intermediate-acidic Lewisian gneisses, which
are garnet-poor. This change in provenance is not clearly identifiable using min-
eral ratio data alone, but 15 obvious when garnet data are available. Ebdon er al.
{1995) noted a marked decline in Mesozoic reworking in the post-T34 section,
which was attributed to an increase in proportion of sediment supplied directly
from basement rocks. The basement-sourced sediments of T35-lower T36 are inter-
preted to have been fed through an entry point in the vicinity of 204/23-1 {Ebdon
et al. 1993},

Within the lower T36 sequence of 204/19-3A, dominated by largely basement-
derived sediment, there is thin sand unit {¢. 4 m} with low ATi, high GZi and abun-
dant Foula-type garnets. This represents a short-lived incursion of sediment from a
different source. In most respects, this has the characteristics of the Schiehallion
dispersal system, but the markedly Jower ATi value indicates it bas undergone more
prolonged weathering. This suggests derivation from similar source rocks, but
through a different transport system to that still operating in the Schichallion area.
In this instance, it seems unlikely that the low ATi values reflect 4 weathered land
surface, and it is considered more likely that the sediment was subjected to weather-
ing during alluvial storage prior to entering the marine system.

Upper T36 (Fig. 9)

The only well with coverage of upper T36 (post-Kettla Member) sandstones is
204/19-3A. GZi and ATi values remain high, with considerable overlap on the GZi-
ATi crossplot between T36 upper and T35-T36 lower. The garnet data, however,
show continued evolution towards basement-dominated assemblages. Foula-type
¢(high pyrope, low grossular) garnets form less than 15% of the garnet assemblage.
The majority of the basement garnets have Lewisian affinities but there is evidence
for continued involvement of Moine-type material. Unstable mineral (epidote and
amphibole) abundances are very high, consistent with a predominantly first-cycle
basement source.
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Upper T36 sandstones are considered to represent the products of the same
dispersal system to that operating in T35 and lower T36, with continued evolution in
source characteristics related to an increased input directly from Lewisian and Moine
basement.

Relationship with magmatic activity

The major change in depositional regime from carbonate-dominated to claslic-
dominated in the Early Paleocene of the North Sea has been widely ascribed to the
onset of magmatic activity along the northwestern margin of the UK landmass and
adjacent continental shelf (Parker 1975; Rochow 1981). Uplift of the British Isles
during the early Tertiary has been demonstrated by apatite fission track studies, which
have suggested denudation of ut least 1 km may have taken place {Rowley & White
1998; Thomson et ¢f. 1999). This concept was developed by White & Lovell (1997),
who suggested that pulsing of the proto-Icelandic plume may have been responsible
for the repeated influx of coarse clastics that form the various submarine fan com-
plexes comprising North Sea formations such as Maureen, Andrew and Forties.

The detailed picture of evolution in provenance in the Foinaven Sub-basin
described above enables us to compare the timings of significant events in the basin
with those in the British Tertiary Igneous Province. In provenance terms, three signifi-
cant events can be recognized in the early -mid Paleocene sequence of the Foinaven
Sub-basin. The first of these was responsible for the influx of coarse clastics in T10,
the second for the change in source between T31,/32 and T34, and the third for the
progressive change in source beginning in T35 and extending through T36.

Of these, the most significant is the T10 event, which records erosion of a highly
weathered land surface. The presence of apatite- and garnet-depleted detritus at the
base of the T10 sandstone sequence is a strong indication that this represents the first
phase of exhumation of the Shetland Platform, because if had there been earlier phases
of erosion these would have removed such highly weathered material. The influx of
coarse clastic sediments into the Foinaven Sub-basin during TI0 is therefore con-
sidered to mark the earliest phase of uplift and exbumation of the Shetland Platform.

Reliable radiometric data (rom the British Tertiary Igneous Province (BTIP)
cluster in the 58—61 Ma bracket (Mussett er of. 1988, White & Lovell 1997), corres-
pouding to T22-T36 (Fig. 3). Much of the magmatism therefore appears to post-
date the main uplift event on the Shetland Platform. However, it appears that some
magmatism took place before 61 Ma. Although the dates of 62.4+0.6Ma and
62.8 & 0.6 Ma from tephras at the base of the extrusive lava pile on the Isle of Muck,
Inner Hebrides {Pearson et @f. 1996) are presently being re-evaluated {Pearson pers.
comm.), they are comsistent with the earlier work of Mussett er «f. (1988). who
showed that the earliest lavas on Muck and Eigg are extruded at ¢. 63 Ma. This
places the onset of ignecus activity during deposition of the T10 sequence. It is there-
fore considered likely that the onsct of igneous activily at ¢. 62.5 Ma is coeval with
the uplift event on the Shetland Platform responsible for the T10 sandstones in the
Foingven Sub-basin.

On the basis of available evidence, it is less easy to identify convincing relation-
ships between magmatic activity and the other two provenance events in the Foinaven
Sub-basin. The cessation of input through the Foinaven system took place between
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deposition of the T31/T32 and T34 sequences, at approximately 59 Ma, in the middle
of the maximum pulse of BTIP magmatism which took place over an approximate
three million years period. 1t is therefore difficult to aseribe this event to pulsing of the
proto-Icelandic plume. By contrast, it may be significant that the progressive increase
m supply from meiamorphic basement relative to recycled sediment, beginning with
the T35 sequence and extending through T36, broadly coincides with the waning of
BTIP magmatism at ¢, 38 Ma (White & Lovell 1997). Alternatively, it could be argued
that this change could be simply the result of progressive denudation, which gradually
removed the Mesozoic and Paleczoic cover from the metamorphic basement.

Therefore, 1t would appear that there 1s a first-order relationship between (he initial
uphifi of the Shetland Platform and the arrival of the proto-leelandic plume, although
even this still remains to be proven by further geochronologieal studies of the BTIP
and adjacent arcas, The evidence relating subsequent provenance changes with events
in the BTTP are, however, far from convincing, and the concept of a “pulsing’ protoe-
Icelandic plume causing repeated sedimment influx remains to be proven. Other factors,
such as eustalic sea-level fluctuations, climate change or progressive denudation,
could have been responsible for some, or all, of the changes in provenance observed in
the basin. It is also possible that there is a lag between the pulsing of the plume and
timing of the sedimentary response. However, it is difficult to argue for a significant
time lag between the arrival of the plume and the initial uplift, since the record of
magmalism in the BTIP is scanty prior to 61 Ma, and there is still doubt over the
timing of ¢vents on Muck and Eigg, which represent the earliest manifestations of
BTIP magmatism.

Relationship between provenance and reserveir properties

The dilferences in provenance detected from heavy minerals at the T31-T32 level,
described above, are also reflected in detrital mineralogy, in particular in the abun-
dance of ductile rock fragments. Figure 10 plots mean values of the major detrital
categories for T31-T32 sandstones in Fomaven wells, Data are restricted to upper
fine and lower medium grained massive (structureless) sandstones to minimize min-
eralogical variations related io facies and texture. The results show a clear distinction
in ductile rock fragment abundance between those wells scurced through the entry
point SE of Foinaven (204/19-3A, 204,24a-7) and those sourced from the entry point
to the 8. These rock fragments comprise mudsione, siltstone and altered volcanic
material.

Detrital mineralogy alse influences reservoir quality. Figure 11 plots porosity
against permeability for massive sandsiones (again, to minimize facies-related varia-
tion) from wells 204/24a-7 (SE entry point} and 204/24a-3 (S entry point). The
difference in reservoir quality between the Lwo wells can be attributed largely to their
different ductile grain abundances. Sandstones from 204/24a-7 support approxi-
maiely twice the permeability, for a given porosity, as the more ductile-rich sand-
slones from 204/24a-5. This reflects grealer compaction of the 204/24a-5 rock fabric,
with deformed ductile grains constricting pore throats and thus reducing permea-
bility. Mercury injection data confirm that a much higher proportion of the pore
system in 204/244-5 comprises non-effective microporosity compared with 204/24a-7.
largely because of the intragranular microporesity within the more abundant ductile
grains in 204/25a-5.
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Fig. 10. Summary of the detrital mineralogy found in T31-T32 massive (structurcless) npper
fine and lower medium grained sandstones, Foinaven Field. DRF, ductile rock fragments;
RRF, rigid rock lragments.
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Fig. 11. Porosity—permeability crossplol for T31-T32 massive (structureless) sandstones, wells
204/34a-5 and 204/24a-7, Foinaven Field.

Heavy mineral dissolution

Heavy mineral assemblages generally show a decrease in diversity with increasing
depth of burial (Morton & Hallsworth 1999), This change in diversity is the result
of progressive dissolution of unstable species as pore fluid temperatures increase.
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Fig. 12. Plots of mincral abundance against burial depth (true vertical depth, sub-sea floor)
for T10-T36 sandstones of the Foinaven Sub-hasin, showing progressive depletion of unstable
minecrals (amphibole, epidote, titanite, kyanite) with increasing burial.
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Comparison of dissolution patterns from a number of sedimentary basins suggests
that a consistent order of mineral stability applies worldwide. The dataset from the
Foinaven Sub-basin offers a further opportunity to examine mingral stability during
deep burial.

The relationships between burial depth and mineral abundances are shown in
Figure 2. Amphibole 15 the first to be eliminated, being absent from virtually all
samples over 15300 m helow sea bed. Epidote disappears at about 1620 m, titanite at
about 1700 m and kyanite at about 1760 m. Staurolite is present throughout (maxi-
mum burial depth is ¢. 2400 m). Similarly, garnet shows no evidence for elimination
through burial diagenesis. Relative abundances of this mineral become greater with
increased burial between ¢. 1400 m—1800m burial, principally due to the removal of
amphibole, epidote and titanite. Some samples below 2200m have relatively low
garnet abundances, but this is considered to be a provenance effect related to deep
weathering of the Cretaceous land surface. This pattern of mineral depletion matches
precisely those seen elsewhere (as summarized by Morton & Hallsworth 1999) and
confirms that minerals appear to have consistent relative stabilities in dilferent
basins, despite inevitable differences in pore fluid composition.

The depths at which amphibole, epidote, titanite and kyanite are eliminated in the
Fomaven Sub-basin are relatively closely spaced compared with other basing where
this effect has been documented. In the Foinaven Sub-basin, the depth difference
between amphibole depletion and kyanite depletion is only ¢. 260 m, whereas in the
Paleocene of the central North Sea, amphibole depletion occurs at 600 m and kyamte
at 1800 m (Morton 1984). Moreover, mineral depletion in the Fomaven Sub-basin
takes place at greater burial depths than in the North Sea. The difference in mineral
dissolution patterns between the two areas is probably the result of oil migration,
since the dissolution pattern in the central North Sea was established using water-
wet sandstones, whereas many of the samples analysed from the Foinaven area are
oil-bearing.

In detail, the downhole disiribution of heavy minerals shows evidence for at
least two phases of hydrocarbon migration. In the lower T36 section of 204/19-3A
(Fig. 13), the upper three samples are epidote-rich, with epidote group minerals
forming over 70% of the assemblages. Below 2005.8 m, epidote is scarce or absent,
This suggests that the assemblages in the upper part of the lower T36 section were
protected from dissolution by early migration of hydrocarbons. However, the pres-
ent oil-water contact is lower down, at ¢. 2018 m. The heavy mineral evidence there-
fore suggests that the oil-water contact has changed, presumably through a later
phase of hydrocarbon migration. This is consistent with the findings of Parnell
et al. (1999}, who deduced two phases of hydrocarbon migration in the Tertiary on
the basis of apatite fission track analysis and fluid inclusion studies, and with the
remigration model for hydrocarbon fill along the NE Atlantic margin proposed by
Dore et af. (1997).

Conclusions

Heavy mineral assemblages in deepwater Paleocene sandstones of the Foinaven Sub-
basin are the result of a complex mterplay between variations in provenance (both
laterally and stratigraphically) and overprinting factors, the most significant being
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Fig. 13. Downhole vaniation in abundance of epidote in the T36L section of 204/19-3A,
showing sudden depletion in epidote at ¢. 2008 m (measured depth), taken to be the location of
4 paleo-oil water contuct.

burial diagenesis. The variations in provenance are relatively subtle and can be
detected only by using provenance-sensitive aspects of the heavy mineral assemb-
lages (cf. Morton & Hallsworth 1994)., namely ratios of minerals with similar
hydraulic and diagenetic behaviour and geochemical attributes of individual mineral
populations. The distribution of minerals such as amphibole, epidote, titanite and
kyanite is heavily influenced by burial diagenesis, the pattern of mineral depletion
being directly comparable te that seen in other deep basins worldwide.

Three main provenance and dispersal systems have been detected in the T10-T36
mterval. One system, the Schichallion system, has relatively uniform characteristics
and is long-lived, its products being recognized from T10 through to lower T36. The
sphere of influence of this system is centred on the Schiehallion Field, but encroaches
into the eastern and northern parts of Foinaven during T25 and T31-32, and covers
the entire Foinaven Field during T34. The main source component of this sys-
tem is the Triassic Foula Formation, with minor supply from Lewisian and Moine
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basement rocks. There is no evidence for involvement of deeply-weathered material
in the source area.

The Foinaven systemn, by contrast, shows marked changes in character, related to
evolution of the source area. The earliest T10 sands were derived from a heavily
weathered late Cretaceous regolith developed on Foula Formation and basement
rocks. This represents the onset of uplift and exhumation of the Shetand Platform
and is likely to have been coeval with the onset of magmatism in the British Tertiary
Igneous Province.

Unroofing during later T10-22 and T25 caused the weathered material to be
stripped off and the incorporation of increasing amounts of detritus sourced from
Lewisian and Moine rocks. The detritus supplied by the Foinaven system in T31-32
was similar to that in T10-25, but with a slightly greater Foula Formation component.
As a result, the Foinaven system characterisiics approach those of the Schiehallion
system, although there is still little or no overlap of the most diagnostic parameters.
The Foinaven system appears to have ceased to operate at the end of T32.

In T35, there was a distinct change in provenance, with an increase in the amount
of sediment shed directly from Lewisian and Moine basement. This change was
progressive, with the latest T36 sediments having the greatest amount of first-cycle
basement material, and ceincides with a decrease in reworking of Mesozoic palyno-
morphs (Ebdon et af. 1993), consistent with the heavy mineral evidence for greater
first-cycle input. The gradational increase in first-cycle basement detritus is broadly
coincident with the waning of magmatism in the BTIP (White & Lovell 1997), but a
convincing link between this change in sediment source and magmatic activity has
vet to be proven.

The heavy mineral data therefore provide important evidence for the operation of
different sediment supply sysiems whose spheres of influence vary as the basin devel-
oped. This information has been crucial in constraining sand (i.e. potential reservoir)
distribution in the basin. When linked with petrographic and perosity/permeability
data, there is evidence that differences in provenance are also responsible for differ-
ences in reservoir quality.

The fact that different dispersal systems can be recognized in the Foinaven and
Schichallion areas over the T10-T32 interval suggests that the shelf systems which fed
the deepwater deposits were not homogenized through longshore drift processes. Tt is
possible that greater homogenization was achieved during T31-32, with the Foinaven
system characteristics approaching those of the Schiehallion system. The disappear-
ance of Foinaven-type sands during T34 may indicate more thorough homogeniza-
tion. However, it is considered more likely that the Foinaven souree was cut off at this
time, since the T34 sands have identical characteristics to those of the T31-32 sands
derived through the Schichallion system, rather than having features intermediate
between those of the earlier Foinaven and Schiehallion systems.

We are grateful to BP Exploration for permission to present the data used in this paper.
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Abstract: The Palasogene Erlend Volcano subcrops in the Faroe Shetland Basin
on the NE Atlantic Margin and was first rccognized on the basis of its
pronounced positive gravity and magnetic anomalies. Three hydrocarbon
exploration wells (209;/3-1; 209/4-14; 209/9-1) have penetrated thick sequences
of subaerial facies basaltic lavas and subaquecus volcanic breceias (the ‘Basaltic
Suite™, overlving Palaeogene {Thanetian) and Cretaceous (Maastrichtian and
Campanian) sedimentary rocks interbedded with medium to fine-grained silicic
igneous rocks (the “Acidic Suite’). Detailed palynological and petrological anal-
ysis indicates that the basaltic rocks werc contemporanecus with the Faroes
Lower Lava Formation at ¢ 56.6-55Ma, and were erupted into cnvironments
ranging between dry land aud brackish to freshwaler lagoons at the margin of a
marine channel separating the Erlend Volcano from the Brendan's Volcano to the
north. The subjacent Acidic Suite is interpreted as a series of sills emplaced
approximately contemporancously with the voleanic rocks on the basis of their
diachronous relationship with interbedded sedimentary rocks, together with high
Thermal Alteration Index values of in siru fossils.

The Erlend Volcano is located offshore of NW Scotland in the Faroe—-Shetland Basin
at 61°50°N, 00°3¢'W, within the north of UK Quadranis 208 and 209 (Fig. 1) and
was first recognized by the pronounced gravity and magnetic signatures of its
subjacent (intrusive) central complex during a regional survey by the British
Geological Survey in 1977 {Chalmers & Western 1979). It was named by Ridd
{1983), and 1t is one of a number of subcrop Palacogene volcanic structures which
developed in the NE Atlantic prior to the onset of ccean floor spreading between
the Faroe Islands and Fast Greenland at ¢. 55 Ma. Unlike the related onshore central
complexes on Skye, Rum and Mull, where the associaied volcanic super-
structure has been removed by erosion, the Erlend Volcano retains a reasonably
complete succession of volcanic ithologies. This contribntion considers lithological
and palynological evidence for the depositional environment and age of the strata ol
the Erlend Volcano.

From: JoLicy, D W, & BrLl, B. R. (eds) The North Adlantic Igneous Province: Stratigraphy, Tectonie,
Volcanic and Magmatic Processes. Geological Saciety, London, Special Publications, 197, 45 110, 0305-
8719;02/$15.00 4 The Geological Society of London 2002.
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History of research

Regional offshore gravity and magnetic surveys, combined with 2D and 3D seismic
surveys, indicate that the onshore Palacogene volcanic/intrusive centres of the Hebri-
dean Volcanic Province also occur within the Faroe Shetland Basin and the Reckall
Trough. One of the first offshore veleanic centres fo be identified was Erlend. Chal-
mers & Western (1979} provided a simple model which interpreted the Erlend gravity
and magnetic anomaly in terms of a dense cylmdrical body of igneous malerial
¢. 14 km in diameter, extending downwards from a depth of ¢. 2km, and akin 1o the
groded remnanis of intrusive centres such as Skve and Mull.

Other apparently smmilar ¢entral complexes within the Faroe- Shetland Basin,
including Brendun, Westray and Judd, lack well penetration. In contrast, Erlend has
been driiled at three different locations by hydrocarboon exploration wells. The wells
209/3-1, 209/4-1A and 209/9-1 have provided sample mazterial, mainly ditch cuttings,
with some sidewall cores for this study (Fig. 1}

Ridd (1983} provided a brief account of the igneous lithologies encountered in
Well 209/9-1, comprising a succession over 400 m in thickness. Basaltic rocks overlie
acidic igneous rocks, the latter intercalated with Crelaceous {Campanian; ¢f. Ridd
1983) sedimentary rocks dated by their foraminiferal content. The precise age of the
overlying basaltic rocks was not determined. Gathff et af. {1984) provided a more
detailed account of the internal structure of the Erlend Volcano. Analysis of gravity
data led them to conclude that there are two (possibly overlapping) voleanic centres,
which they named Erlend and West Erlend, the latter producing a smaller gravity
anomaly. The central complex below the Erlend Volcano was interpreted to be
ol gabbroic composition and to have a diameter of 14 km, with a base at a depth of
15 km, whereas the West Erlend Central Complex was modelled on the basis of a
downward-tapering mass of similar material.

Detailed mapping of ¢. 6000 km of commercial multichannel seismic data at a scale
of 1: 50000 indicated to Gatliff ei al. {1984) that the edge of the strongly reflective
lavas varied between a feather edge and a more obvious scarp, with a relief of up 1o
250m. The lava escarpment is best developed arcund the SW and NE margins of the
volcanic seguence and is interprered in this study as a hyaloclastite deltaic sequence
which formed as lavas entered the basin, chilled and fragmented, producing a
prograding sequence of bedded volcanic breccias (cf. Wood et af. 1988:; Pedersen er
al. 1993). Where the volcanic sequence is thick, subvolcanic imaging is poor. Sills
which form obvious reflections bevond the edge of the volcanic rocks, are not easily
recognized below the main veleanie sequence.

Gatliff er af. (1984) recognized a depression, ¢. 2000 m across and 300 -400 m deep,
on the top volcanic surface above the Erlend Central Complex, which they inter-
preted as a vent, Arcund the vent, internal refleciors within the volcanic sequence dip
radially, outwards. The uppermost part of the volcanic sequence appears to have
been eroded prior to deposition of the overlying sediments.

No precise age for the volcano was presented by Gatliff er af. (1984), although
comparisons with the onshore Palacogene volcanic secuences of the Inner Hebrides
were made, Of significance, the Balder Formation onlaps the volcanic sequence on
the SE flank of the volcano, a clear indication that the Erlend Volcano is strati-
graphically older.
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Kanaris-Sotiriou ¢r af. {1993) described the petrography and geochemistry of
basalts and cordierite-bearing dacites from Well 209/3-1, located west of the gravity/
magnetic maximum {Fig. 1). The basalts were determined as being of N- 1o T-type
MORB aftinity. The geochemistry of the dacites suggests an origin by partial melting
of aluminous sedimentary or metasedimentary lithologies. Kanaris-Sotirion et af.
£1993) did not make the assumption that the dacites are exirusive units and suggested
that an infrusive origin is equaily likelv. An age of 58 £ 3 to 55 =4 Ma {whole rock;
K-Ar) for the dacites in Well 209/4-1A was reported by Mitchell & Euwe {1588),
which appears to be al variance with the late Cretaceous age suggested by Ridd
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(1983) and the age reported by Hilchen & Ritchie (1987) of 64.8 + 0.8 (whole rock:
Ar-Ar) for acidic igneous rocks in Well 209,9-1,

Basaltic suite lithologies

Detailed analysis of ditch cuttings, sidewall cores and downhole wireline log data
(rale of progress, gamma ray; resistivity) from the three Erlend Wells (Fig. 1), to-
gether with published seismic data (Gatliff er af. 1984) indicate a variety of lithologies
in the igneous-prone intervals of each of the three wells. These lithologies, listed
below, are shown in Figure 2 as complex depositional units between the Campanian/
Maastrichtian Shetland Group sediments and the siltstones of the Balder Formation.

Weil 209/3-1. 823m of basalts and intcrbedded sedimentary rocks, underlain by
siltstones and limestones interbedded with basic and acidic igneous rocks;

Well 209/4-14. 475m of hyaloclastites and basaltic lavas, together with inter-
bedded siltstones and sandstenes, underlain by claystones and shales interbedded
with basic and acidic igneous rocks;

Well 209/9-1, 170m ol interbedded basalls and hyaloclastites, together with
siltstones and sandstones, underlain by ¢ 270 m of dominant acidic non-fragmental
and fragmental rocks {(possibly with some interbedded claystones), in turn underlain
by ¢.930 m of claystones und shales interbedded with basic and acidic igneous rocks,
with a4 basement of Caledonian {Late Silurian-Early Devenian) granite {the Rendle
Granite}.

To analyse the age and environment of deposition of these lithologies. palyno-
logical analvsis was undertaken on a suite of samples from each of the three wells.
Evidence from dinotlagellate cysts, other algae, pollen and spores preserved in the
sedimentary inter- and intra-basaltic sediments in the volcanic sequence (Fig. 3) was
compared to a standard pollen and spore profile and microplankton event scheme
for the 65- 32 Ma period. derived from regional Faroe-Shetland Basin well data.

Ditch cutiings were available for all three wells. together with sidewall cores from
Well 209/3- 1. Material was analysed from throughout the entire volcanic sequence.
Sample depths were chosen on the basis of the gamma ray log. which allows the
rapd identification of the depths of the sedimentary intercalations. In addition. boles
were targeted for their potential palynomorph contents, in a manner similar Lo that
applied to the onshore volcanic sequences of Skye, Mull and Anirim (Bell & Jolley
1997; Joiley 1997).

Preparation of samples for palynological analysis involved dissolution of silicates
in hydrofluoric acid, and a brief oxidation in nitric acid to remove any pyrite.
Samples were processed quantitatively, using a weighed sediment fraction; a known
proportion of the residue remaining at the end of processing was mounted as strew
mounts at a known dilution, ensuring consisiency of quantitative data. The
quantitative nature of the analysis, involving the counting of up to three hundred
specimens and a subsequent scan of other material allowed the preparation of the
data matrices presented here (Fig. 3). The implications of these data are discussed
below in dewnhole order. In all cases, the nature of the sample muterial necessitates
the use of first downhole occurrence (FDO) datums.
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Post volcanism sedimentation

Sumples from the claystones immediately overlying the volcanic rocks of the Erlend
Volcano contain a dinoflagellate cyst-dominated palynoflora typical of the carly
Eocene. The occurrence of abundant Homotryblium tenuispinosum and Fatonicysta
ursufae indicates a lale Early Eocene age of ¢.52.5Ma, and corresponds o similar
strata found over the seaward dipping reflector series in the Irmiger Basin and Vor-
ing Plateau (Jolley, 1998), representing a period of significant relative sea level rise.
In wells 209/3-1 and 209/4-1, the Balder Formation onlaps the voicanic sequence,
providing a minimum age of 54.26 Ma (Cande & Kent 1995 timescale) for the termi-
nation of volcanism around the fringes of the Erlend Volcano.

Volcanic sequence

Cavings from the overlying claystones occur in all ditch cuttings from the volcanic
interval of the Erlend Volcano; however, the composition of the pollen and spore
assemblage from the volcanic interval is highly distinctive, It contains abun-
dant fnaperturopolicnites hiatus and Piryosporites spp., together with common Cary-
apollenites veripites, Platycaryapollenites platycaryoides, Laevigatosporites hauardtii
and Nvssapollenites kruschii subsp. analepticus, all characieristic of the palynofloras
seen in the latest Paleocene and earliest Eocene interval, referred to Sequence T40 by
Ebdon et al. (1993). This age is confirmed by occurrences of Cicairicosisporites doro-
gensis and Monocolpopolienites iranguilus, taxa which occur frequently in uppermost
Sequence T40 assemblages in southern England, the North Sea and Faroe—Shetland
basins. Further evidence for a late Paleocene age is provided by the occurrence of
Azolfa cretacede massulae in wells 209/3-1 and 209/9-1. Occurrences of this taxon are
typical of the middle part of the Flett Formation in the Farce—Shetland Basin. This
characteristic palynoflora is regularly recorded from the upper part of Sequence T40
in the Faroe—Shetland Basin, and has a wider occurrence documented in Jolley ef o/,
{2002), where, it is referred to as the “Staffa Flora®, after its occurrence in the Stuffa
Group of Mull.

At the base of the volcanic interval in Well 209/9-1, recovery is lower, but con-
tains palynofloras of a contrasting association typical of the late Thanetian. The low
diversity of these palynofloras, and the occurrence ol Momipites species strongly
suggests this siltstone interval is attributable 1o the latest Paleocene, Sequence T3,
or Lamba Formation. Similar material has caved into the uppermost part of the
subjacent Acidic Suite depth interval. This assemblage occurs beneath the lowermost
basaltic lavas, and defines 4 maximum age for the luvas,

In summary, the sedimenls within the volcanic sequence, togelther with the
associated boles, indicate a late Paleocene age, also confirmed by the occurrence
of Apectodinium species in the volcanic succession of Well 209/4-1A, Equivalent
palynofleras in the Faroe—Shetland Basin occur in upper Sequence T40. Within the
uppermost part of this interval is the Faroes Lower Lava Formation, suggesting
contemporaneous volcanism on the Faroes Block and the Erlend Platform.

Both the ‘Staffu Flora’ and the influx of dpectodinium in the upper part of the
Erlend lava sequence are biclogical events driven by the late Paleocene thermal maxi-
mum {L.PTM), factors already documented by Bujak & Brinkhuis (1999) and Jolley
el al. (2002). The global process controlling their occurrence ensure a short-term
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widespread event sequence ideal for correlation across terrestrial to marine facies,
and place the Erlend Basaltic Suite into the immediately post-LPTM period, which it
is recommended, will fall into the garhiest part of the Eocene.

Evidence from lithologies in this sequence of volcanic rocks supporis a terrestrial
to shallow marine environment. The two dominant lithologies may be summarized
as follows:

(a) Subaerial facies hasaltic lava flows (simple and/jor compound} which are typic-
ally <20m thick, with occasional interbeds of fluvial/alluvial sediment (sands,
silts, muds) which are typically <5m thick. By comparison with onshore
sequences such as Skye, these thicknesses are within the expected or typical
range (Wilhamson & Bell 1994). Amygdaloidal textures are common, with com-
posite infills involving chlorite, calcite and zeolite group minerals. Olivine and
plagioclase porphyritic varieties are recognized, although typically the olivine is
replaced by secondary iddingsite and;or chlorite (Kanaris-Sotiriou ef af. 1993).
Ophitic-textured groundmasses are commoi.

(b} Subaqueous facies basaltic hyaloclastites (volcanic breccias), a coarse-grained
clasuie rock composed of angular lithoclasts of basaltic material set in a glassy
matrix. Olivine and plagioclase porphyritic varieties are recognized, although
typicatly the olivine is replaced by secondary iddingsite and/or chlorite.

Subdivision of the volcanic sequence

The nppermost portions of the volcanic sequences in the Erlend wells comprise a
relatively thin unit {Erlend D) which, in wells 209/3-1 and 209%/4-1A, overlies a
relatively thick sequence of siltstones and sandstones, the latter with relatively higher
gamma ray log responses and lower densities than the volcanic rocks (Fig. 2). This
sedimentary sequence does not occcur in Well 209/9-1, which is condensed and may
have suffered more extensive post-depositional erosion. In Well 209/4-1A, the
dominant volcanic lithology is hyalociastite, indicative of eruption into a subaque-
ous environment, confirmed by the occurrences of dinoflagellate cysts including
Apectodinium. Conversely, in wells 209/3-1 and 209/9-1 the unit consists of lavas with
boles containing pollen and spores, typical of eruption into a subaerial environment.

Below the main intrabasaltic unit in wells 209/3-1 and 209/4-1A is Erlend Unit C
(Fig. 2). In Well 209/9-1, Unit C lies directly below Unit D, with no intervening main
mntrabasaltic unit. Unit C is dominated by hyaloclastites in Well 209/4-1A and by
subaerial facies lava flows characterized by abundant lateritized material (holes) in
wells 209/3-1 and 209/9-1. Within all three welis are thin tuffaceous layers represent-
ing some form of pyroclastic material, possibly reworked.

In Well 209/3-1, which contains the thickest voleanic sequence, the Erlend Unit B
and the Erlend Unit A constitute in excess of 600 m of section. Unit B takes the [orm
of relatively thick (up Lo 10m) simple subaerial facies fows, whereas Unit A com-
prises a scquence of relatively rapidly erupled thinner subaerial facies flow units, as
suggested by the overall lower recovery of organic debris and presence of fewer boles.

The acidic suite

The acidic igneous rocks are referred to as forming an Acidic (Volcanic) Suile
{(Well 209/4-1A, North Sea Sun Offshore Composite Well Log, 1986}, consisting of
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Fig. 5. Photemicrographs of palvnomorphs from the Shetland Group equivalent, acidic suite,
|, Chatangiella spp. (209/9-1, 1496"); 2, Palaeoperidinium pyrophorum (209/9-1, 1490°); 3.
Chatangiella spp. (209/9-1, 14%96'). 2 and 3 show thermally mature specimens from sediments
adjacent to acidic igneous sheets. Pollen from the Basallic Suite 4, Monocolpopolienites
rrangueiius (209/9-1, 1268, and the Acidic Suite, Shetland Group equivalent; 3, Pseudointe-
gricorpus spp. (209/9-1, 1460y and 6. Aguilapofienites spinulosus (209/9-1, 1460").

microgranite through to rhyolite, pitchstone and obsidian. Similar material from Well
209/9-1 comprise a varicty of textural types, ranging from micro-crystalline rhyolite
and dacite through lo rhyolitic and dacitic glass, together with pitchstone and
vesiculated material (pumice). Ridd (1983) reported peperitic textures which appcear
to have developed along the interfaces between igneous material and sediment.

Fig. 4. Photomicrographs of sporcs of the Erlend Basaltic Suite interbasallic sediments:
1, Stereisporites { Distancoraesporis) germanicus (209/3-1, 4780'swce); 2, Stereisporites ( Dist-
granisporis) spp. (209/4-1, 53520'), 3, Deltoidospora adriennis (209/3-1, 4780'swc); 4, Azolia
cretaceae massulae (209/3-1, 45007; 5, Laevigatosporites hoardrii (209/4-1, 64207 character-
istic pollen; 6, Inaperturopollenites hiatus (209/4-1, 55200, 7, Caryapollenites veripites (2093-1,
4780'swc); 8, Ainipolienites verus (209/3-1, 5020swcy: 9. Nyssapollenites kruschii (209/9-1,
1268"Y, 10, Plaiycaryapollenites platycaryoides ((209/3-1, 5020'swe);, 11, Cupwliferoidaepolie-
nites liblarensis (209/4-1, 5520°); and algae 12, Botryococcus braunii (209/9-1, 1235'). Dinocyst
from the Acidic Suite (Lamba Fm); 13, Afisocysta margarita (209/4-1, 7020%), and Shetiand
Group cquivalent; 14, Qdonrochirina costata {opercuium 209/9-1, 1496°); and 15, Tenua hvstrix
(209/3-1, 1460').
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Compositional data are relatively sparse; however, rhyolitic and dacitic com-
positions appear to be the most common. The most detailed study is of the Well
209/3-1 cordierite-bearing dacites by Kanaris-Setrtou ef al. (1993), involving a
petro- graphic and geochemical analysis of these corundum-normative rocks {rom
Core 3 (2310.4-2316.5m; 7580-7600"). Contact relationships between these igneous
rocks and the interbedded sedimentary rocks are nol coustrained by the limited
sidewall core and ditch cuttings dataset available for this study (but see Ridd 1983);
however, evidence from the Thermal Alteration Index (TAT) is used below Lo argue
for an intrusive relationship.

Age of the acidic suite

Ridd (1983) originally suggesied that the rocks in this interval where of Late Cretac-
eous (Campanian) age basced on foraminifera, an interpretation largely dismissed by
laler authors because of the Paleocene radiometric ages derived from the Acidic Suite
rocks and the perception that these igneous rocks were lavas. Our new evidence sup-
ports the interpretation of Ridd (1983}, Palynofloras recovered from the sedimentary
rocks interbedded with the Acidic Suite are of a completely different character when
compared Lo the matenal within the overlymg volcanic sequence (Figs 4 & 3). In the
depth interval 1460 1308 m in Weil 209/9-1, the palynotloras are dominated by
dinoflagellate cysts, in particular the genus Chatamigielle, and the species Palaeo-
peridinium prrophorum, Lacintidinium biconicum. Palacohystrichophora infuserioides
and fsabellidinium cooksoniae occur abundantly. In addition. species of Aguilapolle-
nites and Pseudvintegricorpus occur commonly. These are typical of latest Cam-
panian marine sediments in the Boreal Realm. and show similarity to palynofloras
reported from the Campanian of Greenland (Nehr-Hansen 1996). Below a depth of
1496 m, the occurrence of Odontochiting costata suggests a late Campanian age.
Significantly, no older palvnofloras are detected. to the lowermost analysed sample
al 1664 m.

The palynological record of the Acidic Suite in wells 209/3-1 and 209/4-1A is
different, with occurrences of Alisveysia margarita i a low diversity microplankton
and pollen and spore palynotlora. This suggests an age no vounger than the late
Thanetian Sequence T38. In Well 209;/4-1. these strata are underlain by Tate Cretac-
eous palynofloras encountered in the mudstones underlving the Acidic Suite al a
depth of ¢. 3100 m (10 1307, where an assemblage, most likely of late Campanian age
and dominated by IHeterosphaeridivm spp.. s encountered. A similar sequence is
encountered in Well 209;/3-1. which has possible Maastrichtian palynofioras in the
mudstones underlying the bulk of the Acidic Suite. In this well. acidic igneous bodies
of identical composition are also identified in the underlying Campanian sedi-
mentary sequence (Fig. 2).

There is no noticeable change in the abundance of pollen upsection in the
Campanian and Maastrichtian sedimentary rocks interbedded with the Acidic Suite.
This is strongly suggestive of an environment of continuous deposition, and does not
indicate emergence or shallowing of the shell sca at any time during the Cretaceous.
In samples examined from this interval in all three wells, a mixture of low and high
Thermal Alteration Index in sitw fossils are recorded, highly suggestive of thermal
alteration of marine palynofloras by igneous activity. Thermal alteration of this
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character 1s not & characteristic of palynofioral assemblages preserved within
sedimentary intercalations within proven velcanic sequences such as Skye and Mull,
where TAIT is usually low. The variable, and often high, TAI values recorded from
material interbedded with the Acidic Suite are highly suggestive of significant
heatflow, of the type generated by intrusive bodies of magma. Furthermore, an
extrusive scenario is unlikely in a shelfal marine setting, as the conlinuous marine
record negates the possibility of rapid oscillations in sea level. Instead, the Acidic
Suite of the Erlend area represents a spatially- and genetically-associated intrusive
phase of acidic magmatism typical of central complex activity, such as is seen in the
eroded Palaeogene central complexes exposed in NW Scotland.

Furthermore, ¢lsewhere in the Faroe- Shetland Basin, intrusive bodies ranging in
composition from basic types (dolerite and gabbro) are relatively common (Gibb &
Kunaris-Sotirniou 1988; Naylor ef of. 1999). However, it is in close proximity to
central intrusive complexes that acidic intrusions become dominant.

Radiometric dates for members of the Acidic Suite in Well 209/9-1, determined by
Hitchen & Ritchie (1987), indicate an age of 64.8 £ 0.8 Ma and therefore a period
of sill emplacement in Campanian (o Daman times, with the sills of Well 209/9-1
belonging to the last phase of this activity. However, the uge of the interbedded
sediments delermined by palynological analysis reported here does notl support this
interpretation in view of the Thanetian palvnofloras recovered from two of the wells
(209/4-TA and 209/9-1).

Although the sills in the Erlend wells were obviously injected into the host rocks
after the Campanian, their presence in Thanetian sediments is strongly suggestive of
a4 period of intrusive activity closer to that of the extrusion of the Erlend volcanic
sequence, i.e. in the late Paleocene. Given our current understanding of the relatively
fast evolutionary histories of the volcanoes responsible for the volcanic sequences
and associated central complexes (Chambers & Fitton 2000}, it is possible that the
extrusive and intrusive activity recorded by the Erlend volcanic sequence and the
Acidic Suite, respectively, were essentially synchronous and genetically related.

Palacoenvironments of the Erlend area in Cretaceous and
Palaeogene times

Within the marine dincflagellate cyst palynofloras of the late Campanian strata are
terrestrial assemblages, dominated by species of Aguilapolienites and Psendointegri-
corpus, both genera characteristic of the Campanian Maastrichtian in the North-
ern Hemisphere (Batten 1981). Although Agquilapollenites spirmdosus is recorded rom
strata within the earliest Eocene of the Faroe—Shetland Basin, this is a diverse series
of assemblages of Cretaceous character. The abundance of these pollen grains,
together with the diversity of the marine dinoflagellate cysts, suggests that the sedi-
mentary rocks interbedded with the Acidic Suite were deposited in a marine shelf
environment during ihe late Campanian.

From the limited amount of information coutained in the three wells, it appears
that the Erlend area became a platform towards the end of the Cretaceous, resulting
in truncation of the Cretaceous record. Thanetian sedimentary rocks are interbedded
wilh the Acidic Suite in wells 209/4-1A and 209/9-1 on the flanks of the Erlend
Volcano (Fig. 1) and are of shelf marine character. However, in the more central
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2009/3-1 area these sediments are absent, suggesting that uplift occurred here first,
most likely in response to uplift caused by the arrival of magma at relatively shallow
depths. This occured at around 56 Ma {(new date from this study), a time when the
eruption of tholetitic basalt magmas was widespread throughout the NE Atlantic.
for example in the Palacogene Hebridean Volcanic Province (Bell & Jolley 1997:
Jolley 1997), as well as along the NW flank of the Faroe—Shetland Basin, on the
Faroe Islands {Waagstein 1988; Ritchie & Hitchen 1996}

The palynofioras preserved in the boles of the voleanic sequence, together with the
interbedded fluvial sediments, are derived from an angiosperm lowland swamp forest
which grew on the flanks of the volcano. The occurrence of 4zoffa massulae in several
localities across the Faroe—Shetland Basin during this period points to a raised
waieriable, with standing water bodies on the lava field present around the location of
wells 209/3-1 and 209/9-1. Further to the NE, in the Well 209/4-1A area, the occur-
rence of comparable palynofloras in the volcanic sequence containing dinoflagellate
cysts of the genus Apecrodiniun marks a transition 10 a marine environment. These
taxa are known to lavour lower salinity, high ecological stress conditions, which.
when taken with the high pellen content and lack of other dinoflagellate cysts in these
samples, snggests a littoral environment. It appears, therefore, that the volcanic rocks
were erupted into brackish to freshwater at the margin of the marine channel that
separated the Erlend Volcano from the Brendan Volcano to the north. The recog-
nition of hyaloclastites within the Erlend C and D units in Well 209/4-1 A provides a
useful lithological corollary to the palynological evidence that the cruption environ-
ment was subagueous in the NE quadrant of the volcano.

We thank our many colleagues in Statoil (UK) Ltd., Shell UK Ltd. Exxon-Mobil and the
British Geological Survey for sample material and useful discussions on the evolution of the
Faroe—Shetland Basin,
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Abstract: Based upon dinoflagellate cyst and nannofossil data, a detailed zonation
of the Lower Paleocene succession in the Nuussuaq Basin, onshore West Green-
land has been established. The succession is divided into the five dinotlagellate cyst
zones: Trithyrodinium evitti, Cerodinium pannuceum, Senegalinium iferlaaense,
Palaevcystodinium bulliforme and Alisocysta margarita. The dinofiagellate cyst
zones are correlated with nannoplankton zones, The stratigraphically most impor-
tant nannofossils recorded include Chiasmolithus of. bidens, Neochiastozygus
modestus, N. perfectus, N. saepes, Prinsius martinii and Zeugrhabdotus sigmoides.
A new vonal scheme has been erected and resolves previous problems relating
biostratigraphic and ““Ar/**Ar data in the region.

The Upper Maastrichtian-Lower Paleocene succession records faulting and
valley/submarine canyon incision resulting from pre-volcanic rifting and regional
uplift of the basin. Two Early Paleocene tectonic phascs have been recognized
during NP1-NP3. These uplift phases were followed by rapid subsidence during
NP4, [nitiation of volcanism onshore West Greenland 1s broadly concurrent with
the Alisocysta margarita Zone indicating that volcanmism began during late NP4,
in accordance with rccent palacomagnetic results and *Ar/**Ar dating of the
voleanics. On the basis of the first occurrence daium of the dinoflagellate cyst
species Cerodinim kangifiense and Alisocysia margarita, 14 is possible (o correlate
the lowermost voleanic Anaanaa Member hyaloclastites from the southwestern
part of Nuussuaq with sediments of the Eqalulik Formation from the northern
coast of Nuussuag.

Biostratigraphy of sediments which predate the early Paleocene volcanism and inte-
gration of palynostratigraphic and radiometric dating have, it recent years, caused
problems in the North Atlantic Igneous Province (Storey ef af. 1998). Palynomorphs
from the Cape Seaie Formation, underlying the volcanic strata on Baffin Istand,
Northwest Territories, Canada comprise sparse correded and unidentifiable dino-
flagellate cysts, but contain a distinctive palynomorph assemblage suggesting an
Early and mid Paleocene age for the sediments (Burden & Langille 1999, 1991).

In West Greenland, Hansen (1980} dated the marine mudstones underlving the
onshore Paleocene volcanics as mid Paleocene based upon dinoflagellate cysts, and
correiated the upper part with nannoplankton zones NP5 and NP6 (Martini 1971).
From: JoLLey, . W, & BeLL, B. R. (cds) The North Avdantic fpnecus Province: Stratigraphy, Tectonie,

Volcanic and Magmatic Processes. Geological Socety, London, Special Publications, 197, 111 156, 0305-
£719/02/$15.00  The Geological Seciety of London 2002,
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This was in conflict with the NP3 dating of the same succession by Jirgensen &
Mikkelsen (1974). Piasecki et af. (1992) dated the dinoflagellate cyst assemblages
from intrabasaltic sediments as late Danian to Thanetian and suggested a correlation
to NP zones 4-8. Nehr-Hansen (19974, ) and Christiansen ef al. (1997) suggested a
Selandian (NP5 NP6} age for the upper part of the mudstones underlying the
volcanics. However, these biostratigraphic datings are not consistent with recent
radiometric dating and palacomagnetic resuits of Storey er af. (1998} and Riisager &
Abrahamsen (1999),

In East Greenland a sparse dinoflagellate cyst flora including Weizeliella spp.
suggests an Early Eocene age (Soper et af. 1976) for the lowermost volcanics. This is
it conflict with a spore and pellen assemblage associated with the first volcanic
deposits ut Kulheje in East Greenlund, which can be correlated to the Lamba and
Flett formations in the Farce Shetland Basin, suggesting a Late Paleocene age
(Hjortkjaer & Jolley 1999}, and radiometric dating from the Leg 152 ODP cruise,
suggesting that volcanism started at 61 62Ma (latest Early Paleocene; Larsen &
Saunders 1998},

Because of their terrestrial origin, it has been impossible to assign an age to the
palynomorph assemblages recorded from the Palaecgene lava flelds of the British
province (Bell & Joliey 1997). Joiley (1997) presented a regional study of miospores
from the West Shetland Basin, which can be used as a regional standard for terres-
trial palynoflora and shows a broad differentiation into several palynofloral types.
On the basis of similarities with the record from the North Sea and SE England, it
has been possible to compare the West Shetland Basin events to chronostrati-
graphically dated sections (Al & Jolley 1996). However, the radiometric ages often
conflict with observable stratigraphic and field relationships (Bell & Jolley 1997},

The aim of the present paper is to present new dinoflagellate cyst and nannofossil
data from West Greenland. The integration of these data allows a precise biostrati-
graphic dating of the imitiation of volcanism in West Greenland. The results are
in accordance with the radiometric dating and the palacomagnetic results of Storey
et al. (1998) and Risager & Abrahamsen {1999} and are probably the most well-
decumented and successful integration of biostratigraphic data with radiometric and
palagomagnetic data from the North Atlantic Igneous Province. Moreover, the sedi-
mentary evolution preluding volcanism in the Nuussuag Basin is described.

Geological setting

The margin of West Greenland was formed by extensional opening of the Labrador
Sea in Late Mesozoic—Early Cenozoic time. A complex of linked rift basins were
present from the Labrador Sea to nerthern Baffin Bay {(e.g. Rolie 1985; Chalmers
et al. 1993; Chalmers et af. 1999). Cretaceous—Paleocene sediments outcrop onshore
on Cape Dyer on Baffin Tsland and in the Nuussuag Basin in the Disko—Svartenhuk
Halve region (69 72°N), where they are overlain by Palaeogene basalts (Fig. |;
Clarke & Pedersen 1976; Henderson ef af. 1976; Burden & Langille 1990). Although
now bounded to the east by an extensional fault system. the sediments in the
Nuussuaq Basin may originally have extended both east and south of their present
area of ontcrop {Chalmers er ¢f. 1999). The maximum thickness of the sediments in
the basin exceeds 8 km (Christiansen ef al. 1995; Chalmers er af. 1999}, but the age
and the character of the deepest sediments are not known.
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Fig. 1. Geological map of the Nuussuaq Basin showing off- and onshore geology, localities
and welis mentioned in the text. Based on Chalmers ef @/ (1599).

The oldest known Cretaceous syn-rift to early post-rift sediments in the Nuussuaq
Basin, which are of Albian age (Henderson et af. 1976), consists of fan-delta, Quvio-
deltaic and shallow marine deposits that onlap the basement on the north coast of
Nuussuag, on Diske (well FP93-3-1) and on Itsakoe (Figs 1 & 2). These sediments
constitute the Kome Formation {(Fig. 2; see Henderson et af. 1976; Nohr-Hansen
1992; Midigaard 19964, b; Larsen & Pulvertaft 20003,
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The Kome Formation is overlain unconformably by Albian to Lower Campaman
post-rift sediments of the Atane Formation which were deposited 1 a fluvial- and
wave-dominated delta environment (Fig. 2; Johannessen & Nielsen 1982; Pedersen &
Pulvertaft 1992: Olsen 1993; Midtgaard 1996a). The youngest Early Campanian
strata of the Atane Formation are only present along the south coast of Nuussuag
and m central Nuussuaa {e.g., Lanstorp 1999; Dam et af. 2000}, The Atane delta
fanned to the west and north-west from a point cast of Disko island (Schiener 1975;
Pedersen & Pulvertaft 1992}, with deeper-water turbidite environmenis west of the
Kuuganngnag-Quanilik Fault (Figs | & 2; Dam & Senderholm 1994; Dam 1997;
Kristensen & Dam 1997). The sediments deposited in the deep-water marine environ-
ment are referred to as the Itilli Formation (Fig. 2}.

In the northern part of the basin Upper Albian- Lower Cenomanian fluvial depos-
its outcrop on Qegertarssuaq (Croxton 1978; Larsen & Pulvertaft 2000} grading into
fluvio-deltaic mudstones and sandstones at Itsako. Turonian Early Campanian
distal marine slope mudstones and thinly interbedded sandstones and mudstones are
exposed in stream gullies in the eastern part of Svartenhuk Halve and also in low
coastal outcrops arcund Umiiviup Kangerlua Bay and in the Umitvik-1 well dnilled
on the south coast of this bay (Fig. 1; Dam e of. 19985 Larsen & Pulvertaft 2000).

In the Latle Santonian there is evidence of increased subsidence in the shallower
part of the basin, possibly due to tensional sagging preceding a new rift phase that
took place in Early Campantan times (Fig. 2; Dam et af. 2000). Shelf delta deposition
was replaced by the catastrophic deposition of the Aaffarsuag Member. These sedi-
ments were deposited from gravity flows in a fully marine environment.

Prior to Early Paleocene volecamism in West Greenland, the Nuussuag Basin
underwent major rifting in the Late Maastrichtian Early Paleocene: at least three
tectonic phases can be recognized (Fig. 2; Dam ef af. 19984; Dam & Senderholm
1998). Rifting was associated with substantial uplift and repeated erosion and
mflling of incised subaerizl valleys and submarine canyons resulting in basin-wide
unconformities at the base of the Kangilia, Quikavsak and Agatdalen Formations
(sec Fig. 2). The incision and trend of the valleys seem to have been governed by
NW-SE-trending transverse faults. In western Nuussuag the Paleocene incised val-
leys pass into a submarine canyon system along a fault-controlled stope. Uplift was
followed by a phase ol rapid subsidence shortly before extrusion of picritic hyalo-
clasuc breccias. In the interval between subsidence and volcanism, a regional marine
mudstone blanket was deposited.

Between the active Paleocene volcanic province and the crystalline Precambrian
basement, lacusinne mudstones and sandstones, and hyaloclastite breccias, accumu-
lated in low-lyving areas inundated by fresh water and sealed off from marine connect-
ions by a broad subaerial volcanic terrain (e.g. Pedersen et al. 1998). ““Ar/¥* Ar dating
shows that volcanism commenced in West Greenland between 60.9 and 61.3 Ma and
that ¢. 80% of the Paleocene luva pile was erupted in one million years or less {Storey
et al. 1998},

Previous biostratigraphy

The dinofiagellate cysts from the pre-volcanic marine mudstone succession and the
intrabasaltic Paleocene sediments at Nuussuaq were described by Hansen (1980),
Piasecki et al. (1992), Nehr-Hansen (1996, 19974, 5), Nohr-Hansen & Dam (1997)
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and Neghr-Hansen & Heilmann-Clausen (2000). Nannoplankton assemblages have
been described from igolated sections from the Paleocene succession on Nuussuaq
by Perch-Nielsen (1973), Jirgensen & Mikkelsen (1974) and Nehr-Hansen & Shel-
don {2000,

Hansen {1980) dated the lower und upper part of the marine Paleccene mudstone
succession at Nuussuaq as Early and mid Paleocene based upon dinoflageilate cysts
and correlated it with nannoplankton zones NP3—-NP4 (lower part) and NP5-NP6
{upper part) {Martini 1971) (Fig. 3). This is in conflict with the NP3 dating of the
upper part of the succession by Jirgensen & Mikkelsen (1974). Jirgensen &
Mikkelsen (1974) described the nannoflora from the volcaniclastic sediments in the
upper part of the Kangilia Formation (now the Eqalulik Formation) on the north
coast of Nuussuag and Muarraat Killiit on the south-western coast (Figs 1 & 3)
and assigned them to the late Danian Chiasmolithus danicus Zone (NP3). This
appears to be based on the presence of several species of Neochiastoz pgus. including
N. cf. N. suepes and N, modestus.

Recent examination of the nannoplankion from the Eqalulik Formation (Nehr-
Hansen & Sheldon 2000) revealed a poorly preserved late Danian assemblage repre-
sented by Neochiastozveus eosaepes, Prinsius dimorphosus, P. martinii and Thoraco-
sphaera spp. The presence of Neochiastozygus eosaepes indicates the upper part of
NP3 and the lower part of NP4; a slightly younger and more constrained age for the
sediments than suggested by Jirgensen & Mikkelsen {1974},

Piasecki er af. (1992) dated the dinoflagellate cyst assemblage from intrabasal-
tic sediments as late Danian to Thanetian and suggested 4 correlation with NP
zones 4-8 (Fig. 3}. Nohr-Hansen (1997a, #) and Christiansen ez af. (1997) dated the
dinoflagellate cyst assemblages from the Pualeocene sediments of wells GANE#],
GANK#I, GANWH#! and GRO#3 and suggested a Selandian age (WNP5-NPo) for
the upper part of the succession (Fig. 3), and an early Danian age (NP1-NP37) was
suggested for the oldest Palcocene on Nuussuaq (Fig. 3; Nehr-Hansen & Dam 1997).
These previous biostratigraphic datings did not correlate with the recent palaeo-
magnetic results for the Anaanaa Member or the **Ar/*Ar dating of the volcanic
Nuuk Killeg Member. Riisager & Abrahamsen (1999) determined the lowermost
volcanic Anaanaa Member in the Nuussuaq Basin to be formed during the norm-
ally magnetized part of chron 27 (C27n). C27n correlates with the late Danian
(60.92—61.27 Ma) according to Berggren ef af. (1995; Fig. 3). An *“*Ar/**Ar dating of
60.4 £ (1.5 Ma was assigned to the younger Nuuk Killeq Member by Storey ¢f al.
(1998; Fig. 3). Piasecki er @l (1992), Nehr-Hansen (1997a,bh) and Christiansen
et al. (1997) based their correlation to NP5 NP6 on the presence of a dineflagellate
cyst species similar to the Selandian marker spectes Isabelidiniurm viborgense, previ-
ously only recorded from NP5 and NP6 (Heilmann-Clausen 1985; Powell 1092).
However, later examination proved the species similar to [. viborgense to be a new
species. This new species, Senegalinium iterlagense was described by Nehr-Hansen &
Heilmann-Clausen {2000}, They correlated its first occurrence in the upper part of
NP3 (mid Danian), based upon observations from the Hvallese borehole in Denmark,

Material and methods

Palynological and nannofossit preparation and studies of the samples were carried
out at the Geological Survey of Denmark and Greenland (GEUS).
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Palynomorphs were extracted from 20 g of sediment from each sample by modified
standard preparation techniques including treatment with hydrochloric {(HCl) and
hydrofluoric (HF) acids, sieving using a 20 um nvlon mesh and oxidation (3-10
minutes) with concentrated nitric acid (HNO3). Finally, palynomorphs were separ-
ated from coal particles and woody material in most samples, using the separation
method described by Hansen & Gudmundsson {1978) or by swirling. After each of
the steps mentioned above the organic residues were mounted in a solid medium
(Eukitt™) or in glycerine gel. The palynological slides were studied with transmitted
light using a Leitz Dialux 22 microscope (INo. 512 742/457691). Dinoflagellate cvsts,
acritarchs and selected stratigraphically important pollen species were recorded from
the sieved, oxidized or gravity-separaied slides. Approximately 100 specimens were
counted when possible.

The dinoflagellate cyst zones herein are based on the study of 158 samples from
the three outcrop successions at Kangilia, Danienrygge, Annertuneq and the four
wells GANWE#L, GRO#3, GANE#] and GANK#1 (Fig. 1). The samples from
the wells are conventional core samples except for samples from the GRO#3 well
which are all ditch cuttings samples. The majority of the nannofossil samples were
prepared by crushing approximately | cm? of sediment and adding it to a 10% potas-
sium hydroxide solution to remove humic material. The sample was then centrifuged
and decanted and added to a small amount of ethanol in order to avoid formation
of sulphuric acid which would dissolve any calcareous component. Afler the suspen-
sion was shaken and allowed to settle, a few drops were pipetted from the middle of
the liquid fraction, ptaced on a glass coverslip, spread evenly and allowed to dry. The
coverslip was mounted, smear side down using Norland Optical Adhesive® and was
allowed to cure in davlight for 24 hours. The nannofossil slides were studied with
transmitted light using a Leitz Orthoplan microscope (No. 851318). The zones herein
are based on the study of 107 samples from the outcrop and well successions
mentioned in the section above. It is important to note that the low abundance of
nannofossils in the samples prevents an accurate dating from being carried cut. The
iflustrations of dinoflagellate cysts and nannofossils recorded from the transmitted
light microscope are marked with sample number, slide number, England Finder
index {EF), data base number (Microlmage; M) and laser-video-record num-
ber (LVR} for later identification. The illustrated dinoflagellate cysts are also marked
with MGUH numbers and are stored in the type collection of the Geological
Museum of the University of Copenhagen, Gster Voldgade 5-7, DK 1330, Copen-
kagen K, Denmark.

Organic material and nannofossil content

The organic material which dominates the samples mainly comprises terrestrially
derived black to brownish woody material. Amorphous organic material, dino-
flagellate cysts, spores and pollen only constitute a minor proportion. Low species
density and diversity prevented counting a minimum of 100 specimens in several
samples. The preservation of the dinoflagellate cyst assemblages is variable; samples
with well preserved specimens are rare. Thermal Alteration Index (TAT) evaluation
has not been carried out systemaiically, but the organic matenal in most of the
samples revealed TAI values of berween —2 and 3. indicating that the organic
material is thermally immature to mature with respect to oil generation. Reworked
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Late Cretaceous and earliest Paleocene species were observed, especially in the late
Danian where specimens from the earliest Danian can be used as a marker horizon,
especially Trithyrodinium evitnii (Fig. 4).

The nannofossil samples yielded a4 poorly preserved, low abundance and low
diversity floras. Whole coccolith specimeus were rarely encountered, often only cuter
cycles, or remnants remained. When whole specimens were present, they were
ustally obscured by organic material.

Palynological zonation

The lower Paleocene succession on Nuussuagq has been divided into five dino-
flagellate cyst zones of which the lowermost Trithyrodinium evittii Zone is subdivided
mto three subzones. The bases and tops of the five zones Trithyrodinium evittii,
Cerodinium pannuceum, Senegalinium iterloaense, Palacocystodinium bulliforme and
Alisocysta margarita (Fig. 5) are defined on the first and last occurrences of strati-
graphically important species. lmportant marker species are shown in Figures 6 -8,

Trithyrodinium evittit Zone

Age. Early Danian, Early Paleocene.

Carrelation. Correlation with Martini's (1971) nannoplankton zones NP1 {pars)
and NP2 (pars) is suggested.

Definition.  The base of the zone is defined by the first occurrences of Senonia-
sphaera inornata and Trithyrodinium evittli, and the top by the last occurrence of
T. eviteri (Fig. 5).

Subdivision. The Trithyrodinium evittfi Zone 15 divided into three subzenes, the
Senoniaphaera inornata Subzone, the Spougodinium delitiense Subzoue and the Trithy-
rodinium evirtii Subzone.

Thickness and distriburion. The entire zone is recorded from the lower part of the
Kangilia section, where it is represented by approximately 60m of the Kangila
Formation. The lower part of the zone is also recorded from the K/T boundary
section at Annertuneq, described in detail by Nehr-Hansen & Dam (1997).

Conunents.  The Trithyvrodinium evittii Zone may correlate with the Early Paleocene
Frithyrodinium evittii Zone described from Australia by Stover & Pariridge (1973}
and from New Zealand by Strong et al. (1995).

Senoniasphaera inornata Subzone
Age. Earliest Danian, Early Paleocene.

Correlarion.  Correlation with Martini’s (1971) nannoplankton zone NP1 (pars) is
suggested.



Fig, 6. Stratigraphically important dinoflagellate eysts, scale bars 20 pm. {a) Afisocrsta marga-
rita, GANE#] well 564.7m, GGU no. 439001-514-4, E¥F 122-4, M1 7473, LVR 1.10999 MGUH
26436, (b) Cerodinium pannucewm, Kangilia 400 m, GGU no. 369656-4, EFP19-1. M1 7481, [ VR
111009, MGUH 26437, (¢) Cerodinium kangiliense, Annertuneq 608 m, GGU no. 366599-3,
EF Y32-1, M1 7478, LVR L.11005, MGUH 26438. (d) Cerodinium aff. gramulosiriarum,
GANE#A] well 146.9m, GGU no. 439001-1155-3, EF T38-2, MI 7476, LVR 1.11002. MGUH
26439, (e} Cerodinium afl. granuwlostriarum, GANE#] well 146.9m, GGU no. 439081-1155-3,
EFT38-2, M17476, LVR 1.11003, MGUH 26435, (1) Cerodinium afl. granufostriatium, GANE#]
well 146.9m, GGU no. 439001-1155-3, EF T32-4, MI 7477, LVR 111004, MGUH 26440,
(gy Cerodinium striatum, (164 um) GANE#] well 615.9m, GGU no. 43%9001-5135-4, EF P33-3,
M1 7474, LVR 1.11000, MGUH 26441. (h) Cerodinfum speciosum, Kangilia 305 m, GGU no.
369702-8, BEF H23-4 MI 7484, LVR 1.11012, MGUH 26442, (i} Palaeocysiodiniun bulliforme.
{220 um) GANK#! well 174.7m, GGU no. 439201-48-3. EF E37-4, MI 7480, LVR 1.11007,
MGUH 26443,



Fig. 7. Stratigraphically important dinoflagellate cysts, scale bars 20 pm. (a) Palacaperidinium
pyraphorum, (118 um) Kangilia 390 m, GGU no. 369695-4, EF 035-2, MI 7482, LVR 1.11410,
MGUH 26444, (b) Phelodinium kozlowski Kangilia 585m, GGU no. 369710-4, EF (Q16-1,
MI 7488, LVR 1.11020, MGUH 26445. {¢) Seregalinivm itericoense, Kangilia 460 m, GGL no.
360698-3, EF G55-2, MT 7479, LVR 111806, MGUH 26446, (d} Senoniasphaera inornaia,
Anncrtuncg K/T boundary section 432.1m, GGU no. 405305-7, 46.4-106.4, MI 5799,
456943-3, EF Wi3-4, M1 7486, LVR 1. 11014, MGUH 26448, (f) Spongodinium delitiense,
(144 um) Kangilia 350m, GGU no. 369691-5, EF E29-2, MI 7483, LVR L.11011, MGUH
26449, {g) Trithvrodimum evitiii, Annertuneq K/T boundary scction 452.9m, GGU no.
405313-3, 43.4-105.2, M1 6972, LVR 1.9765, MGUH 25288, (h) & (i} Dinocysl sp } HINH
1997, Kangilia 395m, GGU no. 369711-4, EF W49-3, MI 7487, LVR 1.11016-17, MGUH
26430, ( j) & (k) Dinocvst sp. | HNH 1997, Danienrygge 722 m, GGU no. 456945-4, EF E18-1,
MT 7218, LVR 1.11018-19, MGUH 26451,



Fig. 8. Stratgraphically important dinoflagellate cysts, scale bars 20 um. (a) Dinocyst sp. 2
HNH 1997, Kangilia 430 m, GGU no. 369697-4, EF U25-4. MI 7489, LVR 1.11021. MGUH
26452, (b) Dinocyst sp. 2 HNH 1997, Kangilia 430 m, GGU no. 369697-3, EF E13-3, MI 7490,
LVR 1.11022, MGUH 26453, (¢) Dinocyst sp. 2 HNH 1997, Kangilia 430m, GGU no.
369697-3, EF L33-3, M1 7491, LVR 1.11023. MGLUR 26434, (d—€} Dinocyst sp. 3 HNH 1997,
Kangilia 762 m, GGU no. 369733-8, EF L44-1, MI 7492, LVR 1.11024--26, MGUH 26455,
{g) & (h) Dinocyst sp. 3 HNH 1997, Kungilia 762 m, GG no. 369733-4, EF J27-3, M1 7493,
LVR 1.11027- 28, MGUH 26456. (i} & ( ) Dinocyst sp. 3TTNH 1997 Kangilia 762 m. GGU no.
3697334, EF K52-1, MI 7454, LYR 1.11029-30, MGUH 26457, (k} Dinocyst sp. 4 HNH 1997,
Kangilia 5385m, GGU neo. 369710-3, EF F27.3, MI 7495, LVR 1.11031, MGUH 26458,
{I) Dinocyst sp. 4 HNH 1997, Kangilia 43¢ m, GGU no. 369697-3, EF L33-3, MI 7038, LVR
19883, MGUEH 26459, (m)} Dinocyst sp. 4 HNH 1997, Danienrygge 710 m, GG no. 456942-3,
EF 0O18-3, MI 7026, LVR 1.9863, MGUH 26460. (n} & (o) Dinocyst sp. 4 HNH 1997,
Danienrygge 720m, GGU no. 4569433, EF Q21-4, ML 7213, LVR 1.10216-18. MGUH 26461.
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Definition.  The base of the subzone is defined by the first occurrences of Senonia-
sphaera inornata and Trithyrodinium evitifi, and the top by the last occurrence of
Senoniasphaera inornata {Fig. 5).

Thicknesy and distribution. The subzone is only recorded from the lowermost part
of the K;T boundary section at Annertuneq (Fig. 9), where it is represented by 20cm
of sediment just above the K/T boundary.

Characteristic species.  The base of the subzone is characterized by the first occur-
rence of Cerodinium pannucewm, S. inornata, Sporgodinivm delitiense and T. evittii.
Spongodinium delitiense and T, evittii are common to abundant within the zone.

Comments. The palynological assemblages across the K/T boundary at Annertuneqg
have previcusly been described by Nehr-Hansen & Dam (1997), The first occurrence
of 8. inornata has been recorded immedialtely above the K/T boundary e.g. in Den-
mark (Hansen [977), Alabama and Georgia (Moshkovitz & Habib 1993), the Nether-
lands (Smit & Brinkhuis 1996) and in Tunisia (Brinkhuis & Schialer 1996). The first
occurrence of T. evirtii seems to vary from low to high palaeolatitudes, however,
Nehr-Hansen & Dam (1999) illustrated that T. evitzii has its first occurrence immed-
iately above the K;/T boundary in middle to high latitudes {30-80). The Senonia-
sphaera inornata Subzone defined herein from the lowermost Paleocene succession
(NPI pars) in West Greenland differs in age from the S. inornata Subzone described
from Denmark (Hansen 1977) and the 8. inornata Biozone described from the North
Sea (Mudge & Bujak 19964, A; Fig, 5). These represent the majority of the Danian, NP1
to middle NP3 and NP to middle NP4, respectively. None of the diagnostic events
defining the Carpartella cornuta Zonule (Fig. 5) have been recorded in West Greenland.

Spongodintum delitiense Subzone

Age.  Early Danian, Early Paleocene.

Correlation. Correlation with Martini’s (1971) nannoplankton zones NP1 and NP2
(pars} is suggested.

Definition, The base of the subzone is defined by the last occurrence of Senonia-
sphaera inornata, and the top by the last occurrence of Spongodiniun delitiense (Fig. 5).

Thickness and distriburion.  The entire subzone is only recorded from the lower part
of the Kangilia section (Fig. 10}, where it is represented by approximately 23m of
sediment above the K/T boundary. The lower part of the subzone is also recorded
from the K;/T boundary section at Annertuneq (Fig. ¥).

Characteristic species. The subzone is characterized by abundant Cerodinium pan-
nceum, Spongodiniun delitiense and T. evittii and by the ocurrence of Alterbidinium
uiforiag in the lower part,

Comments.  According to Williams et af. (1993) and Hardenbol et al. {1998), §. deli-
ticnse has a last occurrence in the early mid Danian (correlating with the top of NP2



NOHR-HANSEN &7 AL

H.

126

st gzyisedies Tuadc eoudEg

artughacd tanvglead papudsoyeresdu

LT SRS G
aydud) BNATIME S
dids msiliiaEyn o
iptivias BB G
QUGS 3 O]
“ddg £)gdzeunaia]

s RAREORSUII Y
ks gt
AnINIEnN rrelaus s
& i seadydan

eieaed saapuEay
G LR

SSLAUOUAT Y BseBiTIa
9S4 BIRICYD 7]
EIFuET EpsAIGadutnn

TN TA LB

I i)

“dids LS
WINBCEIBID LHLDRET S

spufic
NATEADODRRS
oot Feyrsds

“dds Lmeids
AT LT

LA iy
STIAST | LS
BSGRA SEPEQUIED
sl T I TR TR

.un_w _n..‘_w_éxﬂ._ﬁm

[

TE

'+ W e
T0E EEE

1iE W

K/T Annertuneq

SI1dVE

H- 435.60—

H453.50 -

455,40 —

- 453,30

+453.20 —

H- 443,10 —

[ 45280 —
H-452.80 —

+d52. 70 o

H 462 .50 —

45250 -

452,40 —

- 456230 —I

+ 452.00%
rrastec— 4

45220 —
45217 o

481 35—

48170

+ 451,60 1
Lt 451.00
Lras1.2tl—

miLEi

+ 45100

S3INCZ THIIN

Y
Z

SIANGZ ONATV

asuElng £

‘\ ELAUIG S

TACLIS fh

ELalaRs]

HYINY0 AT

N LLHDIE LS J a0

N3LSAS

ANIDOATA KTHYD

SN0TNE 2D 3T

NOILYWHOI

WM

Fig. 9. Range chart showing the recorded palynomorphs and nannofossils from the K/T

boundary section at Annertuneg on the north coast on Nuussuaq.



BIOSTRATIGRAPHY, WEST GREENLAND

127

S0 hbsryaicia 0 sp. 2 ASKID

BV Arocdiger spp

49 Lsp. 1 HNH

PALEOCENE
8 £
5 = 'm‘%-'o gg
Easiis: 233
i—"§§'~'§_ s zEs
cEE=S3%ES [l
Prgefatie 3]
Sg% Esgg EEE
EERE R%ES Bl
e 552% 28
EEELSEEES 2E
CEaaed A E T Ta
HEZEELEBREE BEE

¢ e Uncorformity
I- 400702-7 corg sample

-+ 457024 outcrop sample

| Prgsent 1-4 specimens

I Frequen:5-9 specimens

B Comman 10-14 specimens
W Abundant = 25 specimens
4+ Questionable idertification

o
k]
&
e
I
:

e prollien

(SNEEINE 2inatena

22 Aguiapeienites aff paraied

893 Wodehowusews cotosoina

T Sina

D& Palembages spp
98 Thoracosphasra spp
09 Slaccepous sigrboiles

BE Aquilacofienites app.
|0 Prpiadmetegricugs profiagut
107 Micuia cecussate

Y Wodshoused stanleyi

71 Seinidimleim derisginaim
B8 Wodshouasia quagnsping

B0 Surcvigsphaeridium spp.

) Soitdenies ol seotates
. B Suinifentes comutis

BE ¥rooehousels spp

B2 Senegalinium? sp 1 hnh
| BY wiadehousei spinata

| B9 Cnatangiea veriucoss

"B Sl ragetinmis
45 Sam

" NpRIerEREla SPp.

t Roworked species

Alphabetical speciss list

42 fcramasphaen op
2 demmech spo 1 MMM
Th gDl Af pnn e

B4 AR B Wine

22 Agulapelantes all. catels
B4 Agudaetenles g s,

B AQuapabailes resoioy

B8 Anenapcietis sip

53 Arsilsna e s-\’unslm

47 Carsgim ey
Bl Csmsthnm fanrssm
20 Lamnm 50,
6 Chatangeia dlesios
46 Chsianusia arp

B Chalangunta wenaorsd
52 Chovale ayals
El

72 Cribropecishi 2o,
37 Detanzke paesin

45 Fromid mvigaty
40 HaphEapsh aninac

M3 GlApMEMCERE SN2,
F6 HAINCNISPRAEY DEF NPASINESLG
1% Hymlacnzsphase: (opvmim (s aimn

97 Mty decassaia

24 Fapnociniim g\mhj:f

Th Pariocarelia indontra
23 Phg\bd\nn.vr ROTKIREFR

R AR AS M D
AR INARLT SAATISEE

A I ‘N‘(!masra SEO
27 Tgnmp e gueks
Thttyrer L G

[ re—— wrcy\




ENEAD BAyasBREY
WRIELS WIIUDEED

WNSEIAE WILIPOIE]

5164 TEIC D
Ui el g

LA ooty

“des Epsd s

WL RAE LRI EAI0 8B,
“dds wnicipEEiu

LWEGN) WIELAEL SO T
WSGSID WMLPCa

' w -— -
B - —
T
G -
5 -
‘a2 wiArpETRsT b - - Y=
Mdmemmg gt emeeeeee e L
PELLRL By 2 — - — - R — — —
dils snsAxnes | -
[ [ T T T T T T T T T T T TS T TT T i [ 7 T T TT1
smunvs S 588 B 2 888 38388288888 § 88 2888 8 888838 8W
E oo oo = o wow o I W W W o ou W o w [2 3 o [ 3= I R =
& o= 0 .- T | =) 5] — & O W P N [ m o~ % m r~ w w M [=2] m M~ w0 L3
L= L S [t LMD wom “w Lia) & Liu T I VI o B 3 I T v I ul uh "33 = = x = - B T T o T o T o B ) aﬁ
+ 4 + & e H + 4+ + + ++ -+ £+ +++ 37 + + + + A d e S I LS L L R v v
SANGZ OHIIW AN 0L # H AN T | &N o BN LdM
SANGZ OMNATYA BRI — Al o ASUERIG D |— wraanuued -3 _ WICR) _ IEpR Erewds p,
3Lk Mwitee'd LHZIHLEY Y 3157
= WALSAS INFDOIV TN SNOAVLAND 3L
m NOFNE O W MAvYoa _ Fid "D A
3] - - — T T T T T T T v T T T T T T - + T T T
¥ Hid30 o2, 00% 005 00w 00g

. Range chart showing the recorded palynomorphs and nannofossils from the Kangilia

Fig. 10

ction on the north coasl on Nuussuag.

SC



£ . Alphabetical species hst
c ] g z x £ 2 g 35 Ashomosphascs muiters
-_,h:gv: : B K] §3 B Tu § 3 Afsocysta sop.
f2EE % 3 8% 3 . 8155 E 15 o 3| 54 Aquispotenites of. constuz
Erx835f EBE_ .2 % ] mgsaga‘g% 51 Aguisnedlenies spp.
B E%%Sg”%%%’% gmﬁ;?zagﬁa:zargﬁg:ggg||J|nxﬂ 5 5p
a'aﬂ_E?.'“‘";'w-gﬂ ER -] .;-EE ﬁ’§~a§‘*‘:'€§\33$-n T2 Askhangtakioiy symbitgrmis
HuHUHHH SRR e
EESPSERFLORECR: iifeziag E 28|
§§%§§g%3{é=§¢'§§ Be273E55634% é.g'gl-'%% 0 Ceoradnium pannucsam
SE AR AL ES RS EREES 3558 33 Dol spocivsun
z i L
SIS OB EERARCENR 0228 8B R R NN E| v Chasngets diasime
. . . . . - : - - - A% Chatsngials granutang
. N N A% Chatsngeels app.
: N : : 7O Chiasmoithue o, oens
N [N . . | . N |
A R : Do Dottt sop.
. - ! . . . . H Circoyst g~ HH 1047
. - . . ! M . N N 29 [ rocyst=p. £ HYH 047
: N : N : N : : - : : 4 DCunocyat spe 5 bk 1887
: : : : : . : : - : : 23 Crrooyatsp A HMH 1957
. . . . . . . : . . 2 Fromea faglis
H B H H H ' H ! H H 31 Fromaa lasvigata
. ' . . . ! H H H B 2 Fromaa spr
H ok H H H I I H N 4 : 24 Glaphyrocysta spo.
N N ' H H ! N : : ' 15 Vipstachosphassidum ubifsrim
: L : : AL : : :
SN "SI T N A (A o
L N S
N : Palasohpsiicnophoens infusorioides
H H H . H 1 H 1 | B | | | : | ¢ Pageapandhmurs pproghorum
B B . : : : - : i Paiambagss spp.
. . . . . : . R : Pawnad
: : Doy o : :l s : . Parglecamsia mdenmats
. ' N ' . ' N . N Frelodinivm ko zowexi
. . . . . . : . . Flacozigus sigmades
: . : . . . : . ' Pradizcosphaera cretazsa
: : : : : : : : : Frina\asphasa 500
. . . . . . . . : Eringius martini
. . . [ . . : . .
S A ! DL | of Sencrpimmenn
. : - : I : . : : 48 Sciniginipm aff ceassmnaium
: : I l : 21 Tamposohaerciun 9pp.
: : : - 111 i - 35 Tralssennora pelegied
- - ' : - - - 58 ThaecosphEerd opercuiels
. - - 111 - : : s Bl fhorscosphasa spp.
N N N N N : : N 18 o evits
. - . N - . . - N 2 ez "
. . : . . : SO VRSHIEOLETE SE.
: : . : : : - S5 Wil ONISER
N - : . . - - 82 ey
- : . N N : . N - BT At
: : : : B :
5 : : S a1 DE
. ! | ° . : : ! . .
: : I T : : f :
. : Do




130 H. NOFHR-HANSFN ET 47

or lowermost NP3} in the northern hemisphere. The records of Hansen (1977) from
Denmark show that S. delitiense last occurs at the top of the Xenicodiniuwm fubricum
Zonule (Fig. 5).

Trithyrodinium evittii Swbzone

Age.  Early Danian, Farly Paleocene.

Correlation.  Correlation with Martini's (1971) nannoplankton zones NP2 and
NP3? is suggested.

Definition.  The base of the subzone is defined by the last occurrence of Spongo-
diniun delitiense, and the top by the last occurrence of Trithyrodinium evitrii (Fig. 5).

Thickness and distribution.  The entire subrzone is only recorded from the lower
part of the Kangilia section (Fig. 10), where 1t 1s represented by approximately 30m
of sediment.

Characteristic species. The subzone is characterized by the abundance of Cero-
dinium pannucewn and T. evittii.

Comments.  Trithyrodimium evittii was described from the early part of the Danian
in California (Drugg 1967) and later from the lowermost part of NP1 to the lower
part of NP2 in Alabama {Moshkovitz & Habib 1993). The Irithyrodinium evirtii
Subzone may correlate with the upper part of the Early Paleocene fvithvrodinium
evittii Zone described from Australia by Stover & Partridge (1973) and from New
Zealand by Strong et al. (1995}

Cerodintum pannuceum Zone

Age. Early Danian, Early Paieocene.

Correlation. Correlation with Martini's (1971) nannoplankton zones NP2 and
NP3? is suggested.

Definition.  The base of the zone 1s defined by the last occurrence of Trithyrodinium
evittii, and the top by the first occurrence of Senegafinium iterfacense. The last
oceurrence of C. pannucenn 18 recorded in the middle of the zone (Fig. 5).

Thickness and distribution. The zone is only recorded from the lower part of the
Kangilia section (Fig. 10), where it is represented by approximately 50 m of sediment.

Characleristic species. The zone is characterized by the abundance of Cerodinfumn
pannuceum and Palaeoperidinium pyrophorum in the lower half of the zone,

Corumenis.  Cerodinium pannuceum was described from the Early Paleocene in South
Pakota (Stanley 1965) and from the latest Maastrichtian to the early Danian Zone
NP2 in Alabama (Moshkovitz & Habib 1993),
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Senegalinium iterlaaense Zone

Age. Mid to late Danian, Early Paleocene.

Correlation. Correlation with Martini's {1971) nannoplankton zones NP3? and the
lower part of NP4 is suggested.

Definition. The base of the zone is defined by the first occurrence of Senegalin-
ium iterinaense, and the top by the first occurrence of Palaeocvstadinium bulliforme
(Fig. 5).

Thickness and distribution.  The entire zone is recorded from the lower part of the
Kangiha section (Fig. 10}, where it is represented by approximately 75m of sedi-
ment. Parl of the zone 1s also recorded [ron the lower part of the Annertuneq seclion
(Fig. 11) and the lower part of the GANK#] well core (Fig. 12).

Characteristic species.  The zone is characterized by common to abundant Sene-
gatinium iterlaaense throughout and by the first occurrence of Cerodiniwm speciosum
and C. strigiwen n the lower part.

Comments.  Senegalinium iterlagense has recently been described by Nehr-Hansen &
Heilmann-Clausen (2000), who reported the specics Lo have a first occurrence in the
mid Danian, NP3 Zonc (Neochiastozygus modesius Subzone, Thomsen & Heilmann-
Clausen 1985}, in the Hvallgse borehole, Denmark, correlating with the lower part of
the Hafniasphaera cryptovesiculata Subzone (Fig. 5). Senegalinium iterlaaense has not
been recorded from Selandian deposits in Denmark (C. Heilmann-Clausen pers.
comm. 2000). Thomsen & Heilmann-Clausen (1985) also found the first occurrence of
Cerodinium striatum in the Neochiastozygus modestus Subzone in the Hvallese
borehole, Denmark, whereas others {e.g. G. L. Williams pers. comm. 1999) consider
C. strigtum 10 range into the Late Maastrichtian.

Palaeocystodinium bulliforme Zone

Age.  Mid to latc Danian, Early Paleocene.

Correlation.  Correlation with lower and middle nannoplankton Zone NP4 (Martini
1971} is suggested.

Definition. The base of the zone is defined by the first occurrence of Palaeocysto-
dinium bulliforme, and the top by the first occurrence of Aflisocysta margarita (Fig. 5).

Thickness and disiribution.  The rone 13 recorded from the upper part of the Kan-
gilia scetion {Fig. 10), where it is represented by approximately 235 m of sediment.
The zone is also recorded from the lower Annertuneq section (Fig. 11), the lower
part of the GANK#] well (Fig. 12), the lower part of the GANE#! well (Fig. 13) and
the middle part of the GRO#3 well (Fig. 14).



Annertuneg J
D lw
Z W
= clZ
9 N Q w
El= N i
< Q] ~ w
T W = o]
FlZ|E|ag|E|& £
B|S[2E2]e) 2
DT |5 8|= o
| 845.00
2
g H 819.00
=g %
2 g 1 798.00
I
—E‘“ | 730.00
s 2|z M 708007
L& =] 2 53
1=l | %=
5|21 Z-r4 8 s60.00--
A AR e :
2E: 5l
1% 2 § | §30.00
o o H &08.00
2 [
« =
g
J El
]
o
535.00
i)
] & - 509.00
") [~ .|
Ei
o}

B 3
2 £ EE
558 £ 3
T 2ag ! ]
%L 3 & E
- Tam @ g =
E T HdEE
E R
w B2 2 Rog ESD
- Zoom 2 ER
9 sy 8 EE
e 2 BD E o= E &5 B
s fes 593484
L-BQ =
k] L S &5 o8
2w oo g EE a i
A =3 S I
ZmzE T HoEomE
SDonoa s LUV i
- 0 e @

—
[ ]
-
—

—
-

NEESRREN]
s

£
2
E:

&=z

= W

al

=}

]

Ry

F

n

z

[

=

13 Cerodinum kangiliansa

T4 Dinocysi sp. 4 HNH 1887

cyst 5P 1 HMH 1287
2C Arcciigera spp.

.21

Trithyrodiniom e

| &

granuiifarg

22 Cerodinium GannucenT
2B Thorscosphasra sop.

€ |

Alphabetical species list

g

25
0

7
13
2

L)
12
24
1%
i

1

&

23
11

L ha oo

15

I

16
18
10

21

Alsecpsia spp.

Anetgpoliendes sppr

Aregoligera spp.

LCeradimium diebeli
Cerodinium kangiliense
Lerodinium DRONLCSUT
Cerodinin speciosum
Ceroginium slrigtuim
Chatangialia granulifers
Dinoesyst a1, 1 HMH 1997
Dinocysl 5, 4 HMNA 1987
Glaphyrexysta spp.
Hysirichespfiaeddiom tubiferun
Isabelidinium acuminatum
Faiacacystadinium ausirafiioum
Falagocystodinium buliformo
Palaedcysiodiviu Gol-owense
Faigeopandinium pyraphoram
Ehteindinium kowsiowskii
Sarsgatirom Herdaaense
SpmengdiriT spp.

Spniferites spp.

Thalasziphors pelagica
Thorgoosphaens spp.
TRthyrodiniuem ewvitti

Ulvalla nanoae

Fig. 11. Range chart showing the recorded palynomorphs and nannofossils from the Annertuneg section on the north coast on Nuussuag.,

H

TV LT NASKNVYHMHON



Gank#i

Alpnabetical spacies ‘st

:
&
£
2
:

L
Sotawense

T mogpsiug

24 ANSOCESTE MiarGaNt

A5 Aquulanalenitss spp
ArBoMgere ol Giainganss
¥ Arapigen spe.

50 Digcetun spp

P¥ G speoosumaf gizbrer
13 Cevodvriars Netiel

&5 Copoanunm kangiense
B Dl parmmeeun:
Csradinyam spam0sm:

i 5P,
=

E
:
&
5
:

%
i

E
z
%
x
E

TharscospRaere Spp
4B Mleceayous s1gmates

TTam Ko

51 TAmscospkaecs Opetials
ta
o

FORMATION
SYSTEM
PALYNG. ZONES
MIGRO, ZONES
28 Armaliens spo.

26 Exopiosonge;

27 oo kurgiengg

DEPTH
STAGE

35 lundae,

T Arechgeis ol .QM-Dansﬂsrs
- CEINABIGGENE CArIOSENESTOpES

|45 dnuabpethiies 5
4E Falanibages spe

¥E
H
3
B
g
[
i
&
A

1947
Disphaerngend carpospkasmoes
ExahosRharneiiT spp.

i Fibvorpata of. capliate
i Fibreysta spp
Flacaniug app.
Fromug fagits
2 Fomes lapngare
1) Giaphyrgryst s
B Hyshiohosphaenoum fubleran:
A3 I of digerinm
35 lghiruwh 2if. acudsngfun
A Sabekdinnm cretmeam
37 faabetdiua spp.
49 Noochasioevgus o, mogesils
. N : . A2 Nyhlericysls spp.
e - : - A2 Caonioshiting eparmizha
: : : 5
]
T
L]
14
44
z
b

A margeri:e

T

—

- —— T
—
HEATEUEN D L
Bzt a93lonens
2
5
FH
4

o

200

202.50 10 T % I (O N I S T B3 Y N IR : B I

e A N B I B

Palggcepstodinnm dulitvine

i Patpeneystodinm quzawense
Palzscpendisin: Byraaonen

b FRFmbAgas spp
Ptefodininn kaZIOwSAT
Placarygus sgmeaicng

)
3
l_ 25220 |
3

26270

DAN AN

- 25050
| 28760 L
29050

o o

EQALLLIK
PALAEDGENE
L HP3-HP

. Sel¥ernpstia spe.

’ N b SEncgamum Asraaanse
: 1T Sk Sop

14 Spinifartes spp

34 Sponmoviiruceh dehliense

0 halasspina el

51 Thavarcsghanss opercelats

45 {narcsschaend spp

41 Trittyerotiacms meili

- 4 Infpredimum SUspAsiLm

| 1 Uivels mannze

43 Wabnoimiem angiem

P puliforme

300

400

Fig. 12. Range chart showing the recorded palynomorphs and nannofossils from the GANK#] well on the south western part of Nuussuag.

ANVINITID LsdM "AHAVIDLLY YISO ANIADOH TV

€€l



Gane#1
Ol e
= jra}
= e} =
O e v
Elzl loigl “
T wiwix|Q =
ElZ2l=]o ZIK o
pIS|2IE|ZIE) =
alCid|bln|S @
WA 7
= :
3 ilg.:
3
]
o =+
2 TR
& 212|511 50090
o 510.30
L4 s
z |k
& —_
E 534.50
= 54250
—
=]
15
ol 7
1 L 52200
b 590,90
=
g 600.00
= * 605.90
- iz J- 615.90
o S1 =
§ F=
B o | 635.40
e 41.4
X - ndd BY -
2 - &dga0 -
a

] es3s0

Fromea i
2 Peiaeccystoomue Lutarms

1

I [NZTWENEE

Falzeucystoin,
OB Smewentes spa

10 Falescpendini

(BN

Y Anelaainm kaziawskn

B Chorate cysls

A Argohgeda spp.

13 PRy S AcsieinLm
15 Spinizinium sa0.

21 Arzotigeraof gippingensis

B2 Deandres spp.
P8 Cerodimen of. kanguense

20 Abyocysts
23 IMESGILm Spp.
P4 Flhrospsts soD.

[¥. granudatrigluee
Nl ADErCLIETA

28 Mnaigsswnoa peages
33 Cratgngiaks son

34 Batictad

A5 Trithyrod

. B& wembrancaphaens sp. 8 Ce Gon nck

2T Cem

g

=9

Mt 44 Thoracosphasds sgo.

A5 Theragnaphaens opecwals
imorehasus

AT Necchiashon pius peiecius

=3

40
L
19

5
ek}
]
12
22

a
24

b

4

7
23
a7
ar
a8
43
36
47
a7
2a
13

m ks

10
25
17
45
18
15

4
38
it
a5
4%
35
32
a1

Alphabetical species list

20 Alsocysta marganita
30 Ali=macysta spp.
21 Argoligera of. gigpiagensiy
14 Aredligera Spr.
34 Baticiadimum spp.
27 Clerodinnsm all. graraiosiniaium
S Ceroginiem of. kangitianss
Laroditium diobei
Deradimium kangiberse
Ceradiniint spacsum
oraoituem SpE.
Cergdinium strialum
Chatangiolia spp
Charale oysts
Circuladinium gistinciam
Deflandraa spp
[inooysl sp. 4 HMNE 1997
Fiprocysta spp
Fromes frapiis
Cilaphyrocysta spp.
Hystrichosphaefdium fuptfensm
Irnpeagictienivien 5pp.
Irabebriniim crefaceum
Isabediginium sop.
Lanimiadiaiam Aroleum
Lantermithus duacavus
Membranosphaerss sp. B De Comrck
Aicria desussat
Maachizsiozygus perecius
Lhdorrtocting oporeulata
Prlagocpsipdinim auatsalinum
Pataeacystodiniomn bulifsrae
Falzencpsioinium golsowarnize
Falagoperidinium Grrophanm
Partigcaniela mdentata
Phelodinium kortowskii
Prinsiug dimarphogus
Seregaliniom terldaanse
Spinigiram spp.
Spiniferites sp0
Tanpospheertium spp.
Thalassizhora peiagica
Tharacosphacrs apercuiala
Theracosphadrs spp.
Trthwrodinium eyt
frifhyeroalinur Spp.
Wodshousgia spriata

Fig. 13, Range chart showing the recorded palynomorphs and nannofossils from the GANE#! well on the south western part of Nuossuuqg.
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136 H. NOHR-HANSEN ET AfL.

Characteristic species.  The base of the zone 1s characterized by the first occurrence
of Palaeveystodinium bulliforme and the middle part by common to abundant
Dinocyst sp. 4 {Nohr-Hansen 19974). A high abundance ol Phelodinium kozlowskii
has been recorded from the lower part of the zone in the Kangilia section (Fig 10}.

Comments. Paleeocystodinium bulliforme was described from the Early Paleocene
on Bylot Island, Canada (loannides 1986). The first occurrence of P. bulliforme has
previously been recorded {as Palueocystodinfum austrafinum) from the late Danian
(lower NP4, middle Neochiastozygus saeepes Zone) in the Hvallese borehole, Den-
mark (Thomsen & Heilmann-Clausen 1985) correlating with the Deflandrea striata
Zonule (upper part of the Hafniasphaera cryptovesiculuta Subzone) (Heilmann-
Clausen 1988; Fig. 5). Powell {1992) used the first oceurrence of Pafacocystodinium
australinum 1o define his Cerodisnium striatum Interval Biozone (Fig. 3).

In the following paragraph, and in Figure 5, an attempt has been made to clarify
some confusion in the hteralure as concerns the Hafniasphaera cryprovesiculata and
Deflandrea striata zones and some species of Palacocystodinium. Tn the definition
of the Hafniasphaera cryptovesiculata Subzone Hansen (1977, pp.7 -8) remarked:
‘At Klintholm and Hvallese localities, belonging to the uppermost part of this
subzone, species of Palaeocystodinium Alberti, 1961 occur. Yet these specics have not
been found in other parts of the Danian indicating the presence of very young Danian
deposits at Klintholm and Hvallese’. Later Hansen (1980} in his unpublished PhD
thesis proposes a subdivision of his Hafhiasphaera cryprovesiculata Subzone into
two zonules: a lower Hafniasphaera cryptovesiculara Zonule and an upper Deflandrea
strigta Zonule (now Cerodinium striatum). The upper Deflandrea striata Zonule was
defined by sediments containing Cerodinium striatum but excluded sediments con-
taining Deflandrea speciosa (now Cerodinium speciosumt) and Spinidiniwn densi-
spinatum. Within the Deflundrea stricta Zonule Hansen (1980) recorded abundant
specimens of the informal * Palaeocystodinium klintholmense” later descibed as Palaco-
cystodinium bulliforme by loannides {1986). Later Heumann-Clausen (1988, p. 339
and fig. 172) published Hansen’s {1980} zonal scheme with the new Hafniasphaera
crypiovesiculata Subzone, Hafniasphaera cryptovesiculata Zonule and the Deflandrea
striata Zonule. Heilmann-Clausen (1988, p.339) alse mentioned that the Deflan-
drea striata Zonule 1s defined by the first occurrence of Deflundrea striata and
Palueocystodinium qustralinum (shown as the invalid species name kiintholmense in
the range chart of Heilmann-Clausen, 1988).

Later Powell (1992) established the Spiniferites cryptovesiculata Interval Biozone
based on the old Hafniasphaera crypiovesiculata Subzone of Hansen (1977) and the
Cerodinium strigtum Interval Biozone based on an emendation of the Deflandrea stricta
Zonule of Heilmann-Clausen (1988). The confusion is thus mainly due to the Hafnia-
sphaerda crypiovesiculata Subzone ol Hansen (1977) being different from the Ha/f-
niasphaera cryptovesiculata Zonule of Heilmann-Clausen (1988) ex Hansen (1930).

Alisocysta margarita Zone
Age.  Mid to late Danian, Early Paleocene.

Correlation. Correlation with the upper part of Martini's {1971) nannoplankton
Zone NP4 is suggested.
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Definition.  The base of the zone is defined by the first occurrence of Alisocysta
margarite, The top of the zone is not defined, as the clastic sediments are terminated
by a thick hyaloclastic succession (Fig. 5).

Thickness and distribution. The zone is recorded from all the sections studied
(Figs 9-16). The sedimentary thicknesses vary between 22 and 130 m representing the
major part of the Eqalulik Formation (Fig. 3). A repetition of the Alisocyvsta margarita
Zone occurs in the Annertuneq main section resulting from a downthrown landslide
block. The A. margarita Zone is wlso recognized in intrabasaltic sediments in the vol-
canic Anaanaa Member in the GANW#I (Fig. 15) and GANE#1 wells (Fig. 13).

Characteristic species. The lower part of the zone is characterized by the first
occurrences of Alisocysta margarita and Cerodinium kangiliense. Both A. margarita
and C. kangifiense are recorded from intrabasaltic mudstones within the Anaanaa
Member in the GANW#I and GANE#1 wells. The first occurrence of Spinidinium
cf. densispinarum and common to abundant Palueoperidinium pvrophorum are also
recorded within this zone. Another character useful for the recognition of the base of
the zone, are common to abundant occurrences of reworked specimens of the earliest
Danian Trithyrodinium evittii, just below or coincident with the first occurrence
of A. margarita. The high abundance of reworked T. evittii is concentrated in a
narrow interval at Kangilia, Annertuneq and in the GANK#| well, whereas the
interval expands to approximately 60m in the GRO#3 well. The first occurrence of
Spinidinium cf. densispinatum and common to abundant Palaeoperidinium pyro-
Pphorum are also recorded within this zone.

Connnents.  The first occurrence of Alisecysta margarita (Fig. 4) suggests a mid to
late Selandian age according to Heilmann-Clausen {19%4) and Powell et af. (1996).
However, an earlier occurrence of Afisecvsta margarita has been reported from the
late Danian (61.58 Ma) in California by Hardenbol ef /. (1998). In his study of
the Thanetian (Late Paleocene) in southeastern England, Jolley (1998) observed that
A. margarita apparently favoured outer neritic and basinal settings, reaching an
abundance peak in these depositional environments. In Nuussuaq 4. margarila
appears in low numbers in narrow intervals, However, it is abundant in a narrow
interval in GANE#I], and in the GANW#1 and GRO#3 wells it occurs in low abun-
dances but with a wide stratigraphic range (Fig. 4). The occurrence of A. margarita
in more than one interval in the GANWH] and GRO#3 wells in the south-western
part of Nuunssuaq, is suggested as mdicating an expansion of the event due to rupid
sedimentation in that area. Jolley's (1998) assumption that the presence and high
abundance of A. margarita indicates a change to deeper marine depositional condi-
tions supports the sedimentelogical interpretation of the Eqalulik Formation.

Nehr-Hansen & Heilmann-Clausen (2000) recently described the species Cerodi-
aium kangifiense and recorded its stratigraphic range as mid Daniau to earliest Selan-
dian {(upper NP3 to lower NP5) in Denmark. In Nuussuaq both A. margarita and
C. kangiliense continue into the intrabasaltic mudstone within the Anaanaa Member
in the GANW#! and GANE#! wells (Fig. 4), suggesting that the Anaanaa Mem-
ber is of latest Danian or earliest Selandian age.

The first occurrence of Spinidinium cf, densispinarum within the Afisocysia margar-
ita Zone suggests correlation with the Spinidinivm densispinatum Interval Biozone of
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Powell (1992), this zone was based on the Spinidinium densispinatum Zonule of
Heilmann Clausen (1988) and the Viborg Zone 1 of Hellmann-Clausen (1985). Powell
{1992) calibrated the Spinidinium densispinatum Interval Biozone with NP 3 (pars)
and dated it as Thanetian (pars). This is in disagreement with Heilmann-Clausen
(1994), who stated that the Spinidinium densispinarum Tnterval Biozone is defined in
the Danian Limestone and should therefore be pluced in the latest Dunian. Hellmann-
Clauvsen (1994} also mentioned that the Spinidinium densispinatim Interval Biozone
was not recorded in NP5 but rather in the local Danish §1 4 82 nannofossil zones of
Thomsen & Heilmann-Clausen (1985), The presence of common to abundant
Palaeoperidinium pyropharum in the Alisocysta margarita Zone may suggest correla-
tion with the Spiniferites magnificus Subzone (P2b) or the Thalassiphora of. delicata
Subzone (P3a) of Mudge & Bujak (19964, b}

Nannofossils

The Lower Paleocene succession on Nuussuaq is divided into Martini’s global NP
zones (Martini 1971), and correlated with the zonation schemes of Perch-Nielsen
(1979}, Thomsen (1995} and the current scheme for the North Sea (Varol 1998). The
zones are based upon the first and last occurrences of stratigraphically significant
species. Important marker species are shown in Figure 17.

NPI-NP2?

Age.  Early Danian, Early Paleocene.

Correlation.  The interval correlales tentatively with zones DI1- D4 (Perch-Nielsen
1979), 1 4 (Thomsen 1995) and NNTplA NNTp2E (Varo! 1998).

Definition.  Assemblages comprise species common to the Early Paleocene. The
base of the overlying zone is tentatively based upon the first occurrence of the dino-
flagellate cyst Senegalinium iteriaaense (Fig. 5). At the Kangilia locality the zones

Fig. 17. Nannofossil llustrations compare poorly preserved nannofossils from the West
Greenland material with well preserved specimens from the Danish Chalk (Danish specimens
taken from material described in Stouge ef af (2000). () Lanternithus duocavus, Kangtlia
605m, GGU no. 369712-C775, EF Q36-4, M1 7470, LVR 1.10988, MGUH 26462, (b} Lanter-
aithus duocavus, Kangilia 605 m, GGU no. 369712-C775, EF Q36-4, MI 7470, LVR 1.10989,
MGUH 26462, (¢) Lanternithus dupecavus, Gernmas AllE {90 ¢m above base of Lellinge Gron
sand Formation}, DGU no. Amager Vandtarn 13, EF (no number), MI 7261, LVR 1.10315,
MGUH 26463. {d) Biscurun spp., GANK#] well 151.1 m, GGU no. 439201-40, EF §547-2, MI
7466, LVR 1.10978, MGUH 26464. (¢) Biscutum spp., GANK#1 well 151.1 m, GGU no.
439201-40, EF §47-2, M 7466, LVR 1.10976, MGUH 26464. (f) Biscurum spp., Gemmas Allé
(260 ¢m below base of Lellinge Grensand Formation), DGU no. Amager Vandtdrn 3, EF O48-4,
MI 7472, LVR 1 10998, MGUH 26465, (g) Neochiastozvgus perfectus, GANFE#] well 364.7 m,
GGU no. EsD4, EF 036-1, MI 7465, LVR 1.10970, MGUH 26466. (h) Neochiastozygus
perfectus, GANE#) weil 564.7m, GGU no. E6D4, EF O36-1, M1 7465, LVR 1.10973, MGUH
26466. (i) Neochiastozygus perfectus, Gemmas Allé (90cm above base of Lellinge Gren-
sand Formation), DGU no. Amager Vandtarn 13, EF {no number), MI 7260, VR 1,10312,
MGUH 20467. ( j) Chiasmolifius{ Cruciplacolithus spp.. Kangilia 762 m, GGU no. 369733-C780.
EF 052-4, MI 7471, LVR 1.10991, MGUH 26468. (k) Chiasmofibus{ Cruciplacolithus spp..
Kangilia 762 m, GGU no. 369733-C780, EF 052-4, MI 7471, LVR 1.10992, MGUH 26468,
(D) Chiasmolithus bidens, Gemmas Alle (90 cm above base of Lellinge GGronsand Formation),
DGU no. Amager Vandtdrn 13, EF (no number), M1 7255, LVR 110300, MGUI 26469,
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cannot be further sub-divided due to a very low abundance and diversity assemblage
of nannofossils, and absence of marker species.

Characteristic species. The early Danian is indicated by the presence, especially in
the Kangilia section, of Thoracosphaera spp. (common), Markalius inversus, Zeugr-
habdotus  sigmoides, Thoracosphaera operculaia and specimens of reworked
Arkangelskiclla cymbiformis and Micula decussata.

Comments. The ubiquitous Thoracosphaera spp. is known to occur as ‘bleoms’ in
the Early Paleocene (NP1-4). It is thought that these ‘blooms’ are a result of cppor-
tunistic species occupying an environment when there is a lack of competition,
i.e. after the K/T boundary event {Perch-Nielsen, 1985). Zeugrhabdotus sigmoides
{Annertuneq, Kangilia, GANK#!1) and Markalius inversus {Danenrygge, Kangilia,
GANWHI) are species which survived mnio the Early Paleccene from the Late
Cretaceous. According to Perch-Nielsen (1979), 7. sigmoides 1s absenl or extremely
rare in the lowermost part of NP1 (ID1). Nannofossils reworked from the Late
Cretaceous were observed in several samples. Robust forms such as Arkhangelskiella
cymbiformis {(GRO#3, Danienrvgge), Micula decussata {Danienrygge, Annertuncq.
Kangilia, GANE#1), Prediscosphaera cretacea (Kungilia} and the Late Maastrichtian
marker Nephrolithus fregquens {Danienrygge, Kanglia) are cxamples found in
Nuussuag (Figs 10, 14 & 16},

NP3?
Age.  Mid Danian, Early Paleocene.

Correlation. The interval correlates tentatively with zones D5-D8 (Perch-Nielsen
1979), 5—6 (Thomsen 1995) and NNTp2F-NNTp4C (Varel 1998).

Definition.  The low abundance and diversity assemblages again prevent accurate
dating of this interval. The first occurrence of the dinoflagellate cyst Senegalinium
iterlagense may indicate correlation with NP3 (Fig. 5). Negative evidence such as the
absence of vounger species (e.g. Chiasmolithus bidens . Neochiastozygus perfectus and
N. saepes which are recorded from higher stratigraphic intervals), can be used
tentatively to suggest this section is older than NP4,

Characteristic species.  The interval described as NP37 is devoid of useful marker
species. Only specimens of Lanternithus duocavus, Markalius inversus, Micula decus-
sata, Thoracosphaera operculata and Thoracesphaera spp. were present.

Comments. The low abundance and diversity assemblages in this interval make
it almost impossible to date using nanneplankton alone. The dinoflagellate cyst
Senegalinium iterlaaense has been described from the Hvallase borehole in Denmark
{Nohr-Hansen & Heilmann-Clausen 2000) and was correlated with Zone NP3 (mid
Danian). The presence of this species in the GANK#] well, and Annertuneq and
Kangilia sections suggests a similar correlation.
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NP4

The presence of several late Danian marker species at this level allows for a specul-
ative subdivision of NP4.

Lower NP4

Age.  Late Danian, Early Paleocene.

Correlation. The interval correlates with Zone D9 (Perch-Nielsen 1979), Zone 7
{Thomsen 1993) and NNTpd4D-E (Varol 1998).

Definition. The base of Zone NP4 (corresponding with the base of D9) is charac-
terized by the first cccurrence of Neochiastozygus saepes (Fig. 5). The middle part of
NP4 (corresponding with the base of the overlying Zone D10) is indicated by the first
occurrence of Chiasmolithus of. bidens.

Characteristic species.  The assemblage is characterized by Cruciplecolithus asym-
metricus, Lanternithus duccavus, Markalivus inversus, Neochiastozygus modestus,
N, saepes, Prinsius martinii and Thoracosphaera operculata (all present in the Kan-
gilia section).

Comments.  The first occurrence of the dinoflagellate cyst Palaeocyvsrodinium bulli-
Jorme was recorded just above the first oceurrence of Neochiastozygus saepes in the
Kangilia section. The first occurrence of P. bulliforme (previously recorded as
Palacocysrodinium australinw) in the Hvallese borehole, Denmark {Thomsen &
Heilmann-Clausen 1985) was correlated with the lower part of Zone NP4,

Middle NP4

Age. Late Daniau, Eurly Paleocene.

Correfation. The interval correlates with Zone D10 (Perch-Niglsen 1979), Zonc 8
{Thomsen 1995) and NNTp4E--NNTpSA (Varol 1998).

Definition. The middle part of NP4 (corresponding with the base of the overlying
Zone D10} 1s indicaled by the first occurrence of Chiasmolithus cf. bidens and the
upper part of NP4 {corresponding with the base of the overlying Zone 81 of Perch-
Nielsen 1979) is indicated by the first occurrence of Neochiastozygus perfectus (Fig. 5).

Characteristic species.  An assemblage comprising Chiasmolithus cf. bidens, Neo-
chiastozygus modestus, N, sacpes, and Lanternithus duocavus (all present in the Kan-
gilia section} characterizes this interval. Reworked and survivor species from the
Late Cretaceous continue to occur.

Conunents.  Chiasmolithus bidens sensu stricto is characterized by a central cross
with two straight and two curved bars and ‘teeth-like” projections into the central
area, und according to van Heck & Prins (1987), does not occur in the Danian ol the
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North Sea. They erected a new species; Chiasmolithus edentuius to accommodate
those specimens lacking the central projections. The first occurrence of Chiasmolithus
edentuius marks the base of the Chiasmolithus inconspicuus Zone (van Heck & Prins
1987} and this equates Lo the base of Zone D10 (Perch-Nielsen 1979) and the first
occurrence of Chiasmolithus bidens,

The poor prescrvation of the material from West Greenland prevented precise
identification of the specimens in the Kangilia scction, bence thar referral Lo
Chiasmolithus cf. bidens.

Upper NP4 (-NP5?)

Age.  Late Danmian—7early Selandian, Early—?middle Paleccene.

Correfation.  The interval correlates with zones S1-82 (Perch-Nielsen 1979), Zone §
(Thomsen 1993) and NNTpSh—INNTpl0 {Varol 1998).

Definition. The base of this interval is characterized by the first occurrence of
Neochistozygus perfectus. The sedimentary succession is succeeded abruptly by
volcanics and the top of the interval is thus not seen (Fig. 5}

Characteristic species.  The interval is characterized by specimens of Neochiastozy-
gus perfectus (GANE#1, GANWHEL), Chiasmolithus cf. bidens (Kangila), Neochiasto-
zygus of. modestus (GANK#H1) and Prinsius dimorphosus (GANE#1}, along with the
continued presence of reworked and survivor species from the Late Cretaceous.

Comments. In Europe, Neochiastozygus perfectus firsl appears in the latest Danian
{uppermost NP4); at the base of Zone S (Perch-Nielsen 1979), the base of Zone 9
{Thomsen 1994) and the base of NNTp5B (Varol 1998). Therefore a late Danlan age
{equivalent to upper Zone NP4) is suggested for this interval in West Greenland.
However, as Neochiastooygus perfectus ranges up into the Selandian, a younger age.
possibly of NP3, cannot be totally ruled out.

Early Paleocene depositional evolution

Prior to Early Paleocene volcanism in West Greenland, the Nuussuaq Basin under-
went major rifting in the Late Maastrichtian—Early Paleocene. and al least three
tectonic phases have been recognized (Figs 2 & 18; Dam er al. 19984). Rifting was
associated with substantial uplift and repeated erosion and infilling of incised sub-
aerial valleys and submarine canyons resulting in basin-wide unconformities (Figs 2
& 18). A new lithostratigraphy based upon recognition of major unconformities 1§
currently undertaken for the Nuussuaq Basin and a stratigraphic scheme of the Early
Paleocene post-volcanic and syn-volcanic marine sediments is shown in Figures 2 &
18, Late Maastrichtian-Early Paleocene marine sediments are bounded by a major
latest Maastrichtian unconformity associated with submarine canyon incision and
are referred to as the Kangilia Formation {Fig. 19). This unconformity marks the
first phase of Late Maastrichtian—Early Paleocene rifting. The submarine canyons
are at leasi 105 m deep and the deposits are referred to as the Conglomerate Member
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North coast

| Eqalulik Fm

Quikavsak Fm

Early Paleocene

Kangilia Fm

Late Maastrichtian

Conglomerate
Legend Mb
=] Hyaloclastite breccias and lava flows of "

- the Anaanaa Member - Major unconformity
L.+ Volcaniclastic sediments IV Incised valley

Marine, brackish water,

and estuarine mudstones SC  Submarine canyon
Il Lzcustrine mudstones TC  Turbidite channel
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] Pebbles
I:] Hiati

Fig. 18. Generalized stratigraphy of the Palcocene sediments and lowermost volcanics on the
north and south coast of Nuussuag. It should be emphasized that the figure is schematical,
thus therc are no relations between the heights of the columns and the thicknesses of
lithostratigraphical units, and the event are only related to the NP zones they took place in,
not to the duration of these events,
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Kangilia \ iy R Hastite bragtias: o 7 Vaigat
Formation =~ ! i) Formation

Submarine
slope

Fig. 19. Exposure of the Cretaceous—Paleogene sedimentary and volcanic succession at Anner-
tuneq on the north ¢oast of Nuussnaq (see Fig. | for location). Below the conglomerate are
upper Campanian turbidite slope muodstones of the Itilli Formation. They arc unconformably
succeeded by Maastrichtian—Paleocene submuarine canyon conglomerates and turbidite slope
mudstones of the Kangilia Formation. The succession is topped by the Fqaiulik Formation
succeeded by hyaloclastites of the Vaigat Formation. The mountain is about 1.3 km high.

and consist of conglomerates, sandstones and mudstones deposited from turbidite
currents and debris flows.

Following a new episode of Early Paleocene faulting, two valley sysiems were
incised aleng the south coast of Nuussuaq (Figs 18 & 20; Dam & Senderholm 199%;
Dam et al. 19984a). The deposits of these valleys are referred to as the Tupaasat/Nuuk
Qiterleq and Paatuutkleften Members of the Quikavsak Formation respectively
(Fig. 18). The valleys cut deeply into Early Paleocene NW SE trending normal faults,
clearly showing the structural control of the valley relief and trend of the valleys.
Tn western Nuussuaqg the Paleocene incised valleys pass into a submarine canyon sys-
tem traversing a fuult-controlled slope along the Kuugannguag—Qunnilik Fault,
This canyon system was drilled in the GRO#3 well and the uppermost part of the
canyon system was cored in the GANE#1 well. These, and contemporangous canyon
deposits in central Nuussuaq are relerred to as the Agatdal Formation (Figs 4 & 18).

The Tupaasat Member valley is up to 120 m deep and the fill consists of pebbly sand-
stones and conglomerates deposited from high-density turbidity currents (Fig. 18).
Deposition took place during a single drainage event associated with catastrophic
dramage of large dammed water masses. Catastrophic deposition was followed by 4
rapid decrease in flow discharge and the establishment of a lacustrine environment
within the valley. The lacustrine deposits, consisting of heterolithic sediments are
referred to as the Nuuk Qiterleq Member, and were deposited by repeat prograda-
tion of shoreface or bayhead deltas into a lacustrine environment.
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Fig. 20. The Quikavsak Formation incised valleys underlying the volcanics of the Vaigat For-
mation. The valley is 190 m deep and is incised into middle Crelaceous delwic deposits of the
Atane Formation. From Ippigaarsukklelten (see Fig. 1 for location).

The Paatuutkleften Member valley is up to 190 m deep and cuts inlo the Tupaasat
vallev which in many places is completely or almost completely eroded and probably
marks renewed tectonic activity and uplift of the basin (Fig. 20). The fill consists of a
homogeneous succession of fluvial and tidal-estuarine sandstones, arranged in an
overall fining-upward succession {Dam & Senderholm 1998). The valley fill is suc-
ceeded by offshore mudstones.

The Agatdal/Eqalulik Formation submarine canyon wus drilled in the GRO#3
well and cored in the GANE#T well (Fig. 4). The fill is up 1o 395m thick (including
Early Paleocene volcanic mtrosives) and is arranged in an overall fining-upward
succession. The lowermost 230 m of the fill is dominated by coarse-grained sand-
stones. The uppermost part of the coarse-grained sandstones was drilled in the
GANE#I well and is dominated by graded beds deposited from high-density
turbidity currents. The coarse-grained sandstones are succeeded by heterolithic
deposits. Most of these sediments are arranged in small fining-upward successions
deposited from small turbidite channels situated within the submarine canyon. At the
top of the canyon-fill, reworked volcaniclastic sandstones and pebbles are present.
The boundary between the Agatdal and Eqalulik Formations and the Kangilia For-
mation and the Eqgalulik Formation is placed at the first appearance of volcaniclastic
material (Fig. 18). The introduction of volcaniclastic material 1s generally associated
with the occurrence of debris flow and slump deposits indicating unstable slope
conditions during the inttial phase of volcanisim in the area.

The Paatuutklafien Member valley fill testifics 10 a very rapid rise in relative sea-
level and was followed by deposition of a regional cover of offshore mudstones.
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before eruption of picritic hyaloclastite breccias. The breccias form giant-scale
Gilbert-type delta structures with foresets up to 700m high (e.g. Pedersen 1993),
mdicating conlinued subsidence after valley filling, before prograding hyaloclastite
fans reached the area (Dam ef al. 19984).

Biostratigraphic dating of geological events preluding volcanism in
central West Greenland

The present study provides 4 biosiratigraphic constraint on the initial Early Paleo-
cene volcanism onshore West Greenland and some of the geological events preluding
volcanism, The first indication of Late Maastrichtian—Early Paleocene tectonic
activity in the Nuussuaqg Basin is provided by incision of the Conglomerate Member
submarine canvons that are exposed on both the north and south coasts of Nuussuag
and have been cored in the GANT#I well (Figs 18 & 19). On both the north and south
coasts, the biostratigraphic dating of the mudstones above the conglomerate suggest 4
Late Muaastrichtian age (MclIntyre 1993; Naohr-Hansen 1996). In the GANT#] well
the Maastrichtian-Tertiary boundary 18 placed mn the uppermost part of the canyon
fill (Nehr-Hansen 1997a), suggesting that the unconformity has a latest Maas-
trichtian age.

Renewed tectonic activity, uplift and valley and submarine canyon incision
occurred m the Early Paleocene. The best exposures of this event are present on the
south coast of Nuussuaq, but dating of the mudstones underlying the incised valley
sandstones is based upon spores and pollen and suggest an undifferentiated Early
Paleocene age (Mclntyre 1993). On the basis of the flossil flora, the incised vallevs
on the south coust of Nuussuaq can be corrclated with submarine canyons in Agat-
dalen in central Nuussuag (Koch 1963} The nannoplankton assemblage found in
the submarine canyon fill was suggested as belonging 1o Zone NP3 (Perch-Nicisen
1973), however, this assemblage could be younger than NP3 due to the presence
of Neochiastus modestus. The first occurrences of the dinoflagellate cyst species
P. bulliforme and C. strigrum in the lower part of the Agatdal Formation submarine
canvon in the GRO#3 well indicate a early to middle NP4 age of the fill, suggesting
that the Early Paleocene tectonic events took place during NP1-NP3. These tectonic
events are not well recorded on the north coast of Nuussuaq (Fig. 18}, but could be
associated with some of the sandstones present just above the K/ T boundary in the
Kangilia section. However, the Kangilia section is poorly exposed above the basal
conglomerate prohibiting detailed sedimentological investigations.

Valley and submarine canyon incision was followed by very rapid subsidence
preceding initial velcanism in the area (Fig. 18). This event is well-constrained o the
Palacocystodinion bulliforme dinoflagellate cyst zone, suggesting a early to middle
NP4 age. Subsidence may, however. have begun earlier.

Initial volcanism onshore central West Greenland began in the south-western part
of Nuussuag and is represented by hyaloclastite breccias of the Anaanas Member.
“©Ar¥Ar dating shows that volcanism commenced in West Greenland between
609 and 61.3 Mu (Storey et al. 1998). The basalts ol the Vaigal Formation, the
lowermost of the two volcanic formations, were extruded during only two polarity
zones, YAr/Ar dating indicates that the lower normal polarity zone, including
hyaloclastites of the Anaana Member, is C27n (Riisager & Abrahamsen 1999),
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The volcaniclastic sandstones and pebbles of the Eqalulik Formation in the
GRO#3, GANE#] and GANK#1 wells and at the top of the Kangilia section and
Danienrygge probably represent the bottomsets of the hyaloclastite breccia fans or
reworked tuffaceous sediments. The first occurrence of voleaniclastic sandsione in
the GANE#]1 well and in the Kangilia and Danienrygge sections at the base of the
Eqalulik Formation is broadly concurrent with the base of the 4lisocysta margarita
Zone (Fig. 4). This zene continues into sediments interbedded with the hyaloclas-
tite foresets in the GANWHI1 well and possibly i the upper part of the GANE#!
well (Fig. 4), suggesting a late NP4 age for the mitial Early Paleocene volcanism
enshore central West Grreenland. This is in agreement with the magnetostratigraphic
and PAr/PAr data of Rusager & Abrahamsen (1999) and Storey ef af. (1998),
respectively.

Discussion of the Danian/Selandian boundary

Published stratigraphic schemes correlating absolute time scales, magneto-chrono-
stratigraphy, standard chronostratigraphy and biozones show large discrepancies
across the Danian- Selandian boundary (Fig. 21). Berggren et af. (1993, fig. 1) placed
the top of the Danian at 6] Ma, almost corresponding te the upper boundary of
C27n (Fig. 21; spanning 60.92-61.27 Ma, according to Cande & Kent 1992).
Berggren et al. (1995, figs 1 & 7} defined the Danian/Selandian boundary as the
boundary between the planktonic foraminiferal zones P2 and P3a, and correlated
the boundary with the middle part of the NP4 Zone of Martini (1971). According
to Thomsen {1994), the base of the Selandian in Denmark occurs within the local
nannoplankton Zone 82, correlating wih the upper part of NP4 or lower NP3.
However, there is a continued debate upon where exactly between NP4 and NP5 the
boundary should be placed in high latitudes as the nannofossils which mark the base
of NP5 are rare or absent in these areas (Perch-Nielsen 1985; Thomsen 1994,1993).
All er al. (1994) interpreted preliminary magnetostratigraphic investigations of the
upper Danian in the Hvallese borehole in Denmark. and correlated the upper part of
NP3 to lower NP4 with normal polarity, probably representing C27n, therefore sug-
gesting that the 52 Zone of Thomsen 1994 be placed in the overlying C26r. In their
study of the Zumaya section in Spain as a possible global stratolype section for the
Selandiun and Thanetian stages, Schmitz ez af. (1998) suggested that the Danian/
Selandian boundary be placed at the base of NP5 comading with the first occurrence
of the nannoplankton spectes Fasciculithus tmpaniformis {rarely found in high
latitudes). approximately 10 m above the boundary between the planktonic foramini-
feral zones P2 and P3a. However the first occurrence of the nannoplankton specics
Neochiaxtozyguy perfectus occurs 75cm below the P2-P3a boundary. and in NP4,
At this locality it was also suggested that C27n correlates with lower NP4, and the
upper part of NP4 and lower part of NP5 be represented by C26r {Fig. 21).

The study from Nuusssuaq. West Greenland differs markedly from the aforemen-
tioned studries, by correlating absohute dating, magnetostratigraphic measurements,
dinoflagellate cvst and nannoplankton zonations from relatively closcly situated sec-
lions in a restricted area. It is now possible to correlate the uppermost pre-volcanic
marine mudstone succession; dated as latest Danian {late NP4} with the overlying and
partly time equivalent voleanies of C27n. These hyaloclastites underlie volcanics of
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chron C26r (Riisuger & Abrahamsen 1999), which are dated as 60.9 and 61.3 Ma by
WAr/YAr measurements (Storey er a/. 1998). The data lrom Nuussuaq (Fig. 21)
favours the correlating between absolute time scale and magneto-chronostratigraphy
arguments of Berggren et al. (1995), whereus our correlation of chronostratigraphy
and biozones favours the discussions of Thomsen (1994}, Heilmann-Clausen (1994}
and Schmilz et af. (1998).

Conclusions

On the basis of an integration of dinoflageliate cyst and nannofossil data, it has been
possible to divide the Lower Paleocene succession on Nuussuvaq into five dino-
flagellate cyst zones and correlate them with Martini’s (1971) global nannoplankton
zones and to date the initiation of volcanism onshore West Greenland. The first
occurrence of hyaloclastites and reworked volcaniclastic sandstones s broadly con-
current with the base of the Alisocysta margarita Zone indicating that volcanism in
West Greenland began during upper NP4. This agrees with published * Ar;/**Ar and
magnetostratigraphic dating of the volcanic rocks. 1n light of this new biostrati-
graphic data, it is possible for the first time to provide an agreement between
palynostratigraphic, nanmostratigraphic and radiometric dating in the North Atlantic
Ignecus Province. Moreover, it is possible to date the events associated with rifting,
tranquil uplift and valley and submarine canyon incision of the basin that occurred
mmmediately prior to the volcanism in West Greenland. Three pre-volcanic tectonie
phases have been recognized, all associated with vallev and submarine canyon
incision. The first phase took place in the Late Maasirichtian and was by followed by
two phases in the Early Paleocene. The two Early Paleocene events took place during
NP1 NP3, and were followed by rapid subsidence preceding volcanism in NP4,
Finally, the study shows that there are large discrepancics in correlating absolute time
scales, magneto-chronstratigraphy, standard chronosiratigraphy and biochrono
zones across the Danian—Selandian boundary.
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Abstract: The initial stages of Palacogene volcanism in the Nuussuaq Basin in
West Greenland were characierized by eruption of basaltic and picritic magmas
through sediments of Cretaceous 1o early Paleocenc age inte a marine or low-
lying coastal environment. Recent magnetostratigraphic work has recognized the
C27n—C26r transition (cstimated duration less than 10 kg and here assumed to be
Ska)asa ¢. 170m thick zone within a suceession of thin picritic lava flows. Multi-
model photogrammetry comhbined with chemical and lithological analysis of the
volcanic rocks has allowed detailed 31D analysis of the facies variation within this
narrow time window. Subaerial lavas flowed eastwards over a more than 40 km
wide front. On northern Disko they covered an existing lava platcau and buried a
subacrial landscape of dipping Cretaccous sandstones, while on Nuussuag they
flowed into an up o 700m deep marine embayment and formed prograding
hyaloclastite fans passing into fine-clastic mass flows. With a progradation rate of
0.5-1ma~! the palacogcography of the basin changed considerably during the
short time interval, In addition to subsiantial basin subsidence, the volcanic lacies
changes have also preserved a record of synvolcanic differential movement of
extensional fault blocks. The following parameters are estimated for the volcanism
within the Nuussuag Basin during the C27n—C26r transition: Production rate
c.0.042km* a ', productivity ¢. 1.2 x 10" km* a~' km™' (rift), volcanic aggrada-
tion ¢.33mka !, subsidence ¢. 25 mka~!. If the veleanism evolved continuously
at this high aggradation rate, all of the Vaipat Formation could have erupted in
70ka. However, the complex geological record indicates a much longer total
duration, and the velcanism must have had an intermittent character.

In central West Greenland erosion has exposed extensive continuous geological
sections through volcanic rocks and sediments deposited during the early phases of the
evolution of the Tertiary North Atlantic Igneous Province (INAIP). The voluminous

From: JoLLEY, ID. W. & BELL, B. R. (eds) The North Avlentic Iyneous Province: Stratigraphy, Tectonic,
Volcanic and Magmatic Processes. Geological Socicty, London, Special Publications, 197, 157 -181. 0305-
8719/02/%15.00 i The Geological Society of London 2002,
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magmas emplaced in West Greenland were derived at least partly (rom the proto-
icelandic mantle plume and rose info an attenuated continental crust and a thick
sedimentary succession in the Nuussuag Basin {Holm er af. 1993; Chalmers et af.
19935, 1999; Saunders et 4f. 1997). The earliest Paleocene volcanism in the Nuussuaq
Basin gave rise to the volcanic rocks of the Vaigat Formation. This formation
records a complicated interplay between the simultaneously developing volcanic pile
and sedimentary basin {Rosenkrantz & Pulvertaft 1969, Clarke & Pedersen 1976;
Henderson et af. 1981; Pedersen 1985a; Larsen ef af. 1992; Pedersen et af. 1993;
Chalmers er al. 1999).

Discovery of widespread migrated oil in vugs and veins in the voleanic rocks of the
oldest part of the Vaigat Formation on Nuussuaq and Disko (Christiansen er af. 1994,
1999; Bojesen-Koefoed er al. 1999}, and the fact that the volcanic rocks are underlain
by at least 6 km and possibly up to 10 km of Mesczoic sediments (Christiansen et a/.
1995; Chalmers ef af. 1999), have led te a great interest in the pre- and syn-volcanic
dvnamic evelution of the basin. Recent studies have focussed on the sedimentary
facies eveolution immediately before the onsct of volcamism {Dam & Senderholm
1994, 1998; Dam er a/. 1998, 2000; Nehr-Hansen et af. 2002) and on the mterplay
between volcanism and basin evoltution during the laler stages of deposition of the
Vaigat Formation {A. K. Pedersen er af. 1993, 1996; G. K. Pedersen et al. 1998).

While there is no doubt that the Nuussuag Basin around the start of volcanism
was in a highly dynamic state, it is difficult to derive guantitative rates of volcanic
deposition and basin movements. This requires knowledge of very precise time slices
through the succession which can only rarely be obtained. However, the discovery of
a palaeomagnetic polarity transition zone, identified as the C27n-C260r transition
and covering a 160-180m thick succession of subaerial picrite lava flows from the
Vaigat Formation on Nuussuaq (Riisager & Abrahamsen 1999, 2000), bas provided
an extremely narrow time window of only a few {housand years. This represenis a
time resolution many times betfer than obtamahie by other existing methods lor
these lithologies.

This paper presents a three-dimensional geological analysis of parts of the volcanic
succession in western Nuussuag and northern Disko, comprising the palacomagnetic
polarity transition zone and the rocks just above and below 1t. The combination of
quantitative chronological and litholegical control has enabied us to estimate rates
for voleanic progradation and aggradation and the vertical basin movements within
the Nuussuag Basin within a time window of less than 20ka. The results indicate
extremety high rates of volcanic productivity, basin movements and changes in
palacogeography and sedimentary facies during the initial stages of formation of a
large igneous province within a sedimentary basin.

Duratien of the C27n—C26r transition

The duration of geomagnetic polarity transitions can best be estimated from
palaeomagnetic trunsition zones recorded in rapidly and continuously deposited
sediments for which the deposition rates are determined {rom the polarity
stratigraphy or from some other absolute dating technique. Most such studies
agree well and indicate durations in the range of I -8 ka (Merrill & McFadden 1999,
and references therein)., Tt is not clear if the variation in durations measured in
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different sedimentary sections reflect differences from reversal to reversal at differ-
ent geographic recording sites, or whether the variation relates to rock magnetic
problems such as smoothing of the geomagnetic field variations during recording in
the sediments. In contrast, palaecomagnetic recording mechanisms of lavas arc better
understood but the dating is more difficult. Singer & Pringle (1996) used **Ar/> Ar
dating combined with palacomagnetic data from lava flows from different sites to
estimate 3 maximum duration of 12 ka for the Bruhnes—Matuvama polarity reversal,
whereas Mankinen et «f. {1985) derived a 4.4ka duration period for the Miocene
transition recorded at Steens Mountain plateau lavas using the secular variation
record. Recent numerical simulations of polarity reversals using the Glatzmaier—
Roberts geodynamo model (Coe ¢t af. 2000) corroborale the palacomagnetic obser-
vations of 1-8 ka duration of geomagneltic reversals. In the following, a duration af
Ska is assigned to the C27n—C26r transition.

Geological setting

The Nuussuaq Basin (Fig. 1) extends onshore from Disko in the south to Svartenhuk
Halve in the north (Henderson ef al. 1976, 1981) and is part of a series of linked
basins extending offshore along the west coast of Greenland (Chalmers et al. 1999).
The Nuussuaq Basin was a depositional area for clastic sediments for at least 40 Ma
from the mid Cretaceous to the Palacogene.

Vaigat Formation

Volcanism started with the deposition of the Vaigat Formation. ¥ Ar/** Ar dating by
Storey et al. (1998) has shown that the main phase of volcanism in West Greenland,
comprising the Vaigat Formation and the overlying flood basalts of the Maligat
Formation, lasted around one million years (c. 60.5Ma to 39.4 Ma). The duration
of the Vaigat Formation alone is relatively poorly resolved and may have been
around 0.5 Ma. Palaecomagnetic work by Deutsch & Kristjansson {1974), Athavale &
Sharma (1975). Hald (1977). Riisager & Abrahamsen (1999, 2000) and Riisager et al.
{1999} has demonstrated that the lower part of the Vaigat Formation is normally
magnetized while its upper part and all of the Paleocene Maligit Formation is
reversely magnetized. The two magnetic zones have been identified as C27n and C26r
(Fig. 2). The normally magnetized part of the Vaigat Formation cun therefore be
constrained in duration to less than ¢. 0.35 Ma (the total duration of C27n, Cande &
Kent 1993), whereas the duration of the upper part of the formation is poorly
constrained due Lo the very long duration of C26r {¢. 3Ma, Cande & Kent 1995).

The volcanic rocks of the Vaigat Formation are dominated by tholeiitic picrites and
magnesian basalts {Larsen & Pedersen 20000 which form a widespread succession of
greyish-weathering subaerial pahoehoe lava flows and subaqueous hyaloclastite
breccias; the total vertical thickness is ¢. 2000 m. Intercalated with the picrites are
some units dominated by more evolved basalts and brownish-weathering silica-
enriched rocks derived from the reaction between magma and high-level crustal
rocks. These units form stratigraphic marker horizons {(Pedersen 19854, b, Pedersen
et al. 1996).

The volcanism of the Vaigat Formation occurred in three main cycles, each of
which started with olivine-rich magmas and ended with more evolved and often



160 A. K. PEDERSEN ET AL

\ ]
| Greenland |
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Fig. 1. Geological map showing the Nuussuaq Basin in central West Greenland. Frames show
the location of Figures 3 and 4.
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Fig. 2. The stratigraphy of ibe Vaigal Formation around the magnetic polarity transition
C2Tn—C26r. Two simplified profiles are shown: Profile A al Kuugannguup lonartza in
northern Diske and Profile B at Nuusap Qagqarsua in western Nuussuay, NQ, Nuusap
Qaqqgarsua Member; NAL, Naujinguit Member below the palacomagnetic transition zone;
NAtrans, the palacomagnetic transition zone within the Naujanguit Member; NK, Nuuk
Killeq Member; hy, hyaloclastite breccia,

distinctly crustally contaminated magmas {Larsen & Pedersen 200(). During the
eruption of each cycle, and from one ¢vcle to the next, the area of active volcanism
expanded as can be seen both from the disiribution of lavas and hyaloeclastites, as
well as from the distribution of located eruption sites and potential feeder dykes. The
three cveles gave rise to the three main members which from below are Anaanaa
Member, Naujanguit Member and Ordlingassog Member (Fig. 2). Some of the most
important units of evolved, crustially contaminated or alkaline volcanic rocks have
been designated independent members which may separate or be enclosed within the
main menbers.
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Anaanaa Member. The Anaanaa Member comprises the oldest Palcocene volcanic
rocks in West Greenland and is only known from a hmiled area in western Nuussuag.
All the rocks are normally magnetized. Eruplions onto a sea-covered shelf produced
hyaloclastites, mass flows and subacrial lava flows: within the hyaloclastites there are
very sitbordinate clastic sediments including marme limestones. Brief descriptions are
given by Henderson (1975), Christiansen ef af. (1994), and Larsen & Pedersen (1997),
This stage was characterized by the formation of rapidly growing volcanic islands.
Numerous transitions from hyaloclastite to subaerial lava flows record the position of
the palago-sea-level, and subaerial flows covered by hundreds of metres of hyvalo-
clastites atiest 1o very substantial crustal movements within the timescale of much
less than 350 ka (the total duration of C27n).

Naujcrnguit Member (Pedersen 1985a; Pedersen ef ¢f. 1996).  The Naujangu:t Mem-
ber is known from northern Diske and western and central Nuussuag. During this
cycle the voleanism continued the island building stage, with the formation of hyalo-
clastites and subaerial lava Aows, and soon the lavas also overflowed existing land
areas in the south. Large-scale progradation of the voleanic rocks. generally in
easterly and northeasterly directions. into a deep marine embayment, caused rapid
and substantial palacogeographical changes within the Nuussuaq Basin. as is par-
ticularly well seen on the south coast of Nuussuaq (Pedersen e «f. 1993). The
pelacemagnetic polarity transition zone 18 localed within this member. Naujanguit
Member encloses three minor members of distinetly crustally contaminated volecanic
rocks. some of which carry native iron. It is overlain by two minor members of
contaminated rocks {Tunoaqu and Kiliganguaq Members) produced during the
closing stages of this cycle of activity during which the final filling of the large marine
basm and the first overspill onto gneiss terrains at the eastern margin of the
Nuussuag Basin took place (Pedersen er af. 1996},

Ordiingassog Member (Pedersen 19854). The Ordlingassog Member is dominated by
subaenal lava Jows., alhough hyaloclastites are still common. The member is
widespread on northern Disko and Nuussuaq, and time-equivalent picrite lavas may
also be present on Ubckendt Ejland and Svartenhuk Halve. During the third cycle
the voleanic migration eastwards continued and large parts of the gneiss terrain
at the eastern margin of the Nuussuaq Basin were overlapped by voleanic rocks. The
volcanic rocks prograded into and finally filled the large lake complex of the Nawdt
Member on Nuussuaq (Pedersen ef al. 1998).

The palaeomagnetic transition zone and its enclosing units

The palacomagnetic C27n-C26r polarity transition zone has been found m three
sections, two on Nuussuag and one on Disko spaced over a distance of about 30 km,
and covers roughly 1000 km? including the sea between Disko and Naussuag. Within
the area, cxcellent exposures along steep valley walls and coastal cliffs provide detailed
geolegical information, and about 60 km of relevant profiles have been covered by
helicopter-borne stereo-photography. Subsequently. the photos have been set up
as semicontinuous stereo panels and subjected to multi-model photogrammetrical
analysis (Fig. 3; Ducholm 1992; Ducholm er af. 1993; Pedersen & Ducholm 1992).
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Fig. 3. The location of sections analysed with multi-model photogrammetry. A, northern
Disko (Fig. 5); B, Vaigat coast of Nuussuaq (Fig. 6); C, Aaffarsuaq valley in Nuussuaq (Fig. 3);
DD, Qunnilik vatley in Nuussuaq (Fig. 11). Localitics mentioned in the text are: 1, Serfarsuir,
2, Kuugannguag valley: 3, Kuugannguup Innartaa; 4, Naajannguit; 5. Nuusap Qaqgarsua;
6. Nuuk Killeq; 7, AafTarsuaq valley; 8, Quomilik valley.

Prior to the palacomagnetic sampling, selected sections had been sampled for
lithological and geochemical analysis, and a lithostratigraphy had been established.
The geological analysis within and around the magnetic transition zone presented
here is hased on quantitative photogrammetrical measurements ol lithological
boundaries, thicknesses of volcanic units, and orientalion of surfaces, also on
physically inaccessible near-vertical mountain sides.

The analysis will focus on three WNW to W trending 5-17 km long profiles which
cut almost perpendicularly through the palaco-coastlines al that time (profiles A
to C, Figs 5 & &) and an addittonal 2km long N S trending profile D (Fig. 3).

In western Nuussuag the palaeomagnetic transition zone Hes within a 300-400m
thick series of picritic te olivine-rich basaltic subaenal lava flows lrom the Naujanguit
Member. The series is sandwiched between two members of contaminated volcanic
rocks, the Nuusap Qagqarsua Member and the Nuuk Killeq Member. The rocks of
the palacomagnetic transition zene and the enclosing umits can all be fellowed
eastwards along the soulh coast of Nuussuaq where they change successively into
hyaloclastite facies over a horizontal distance of about 16 km (Profile B, cf. Pedersen.
et al. 1993). This probably represents the best exposed example of volcanic prograda-
lion into a marine basin within the NATIP.

The geological analysis covers four main units, from the bottom up (Fig. 2):

(1) Nuusap Qaggarsua Member (NQ), a series of normally-magnetized (C27n),
silica-enriched basaltic lavas and their equivalent hyaloclastites formed by filling
of a more than 300 m deep marine basin;

(2)  Naujanguit Member below the palaeomagnetic transition zone (NA 1) compris-
ing mostly picritic subaerial lavas {¢. 180 m thick and normally magnetized (lop
of C27m)), and on Nuussuaq alse thin intercalated beds of hyaloclastite;

(3) Naujanguit Member of the transition zone (NAtrans), comprising picritic sub-
aerial lavas (160—180 m thick and represents the C27n—C26r polarity transition),
lithologically indistinguishable from the lavas of NA1;
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Voleanic rocks younger than Nuuk Killeq Member

l 25 km J

Nuuk Killeg Member (NK)
Naujanguit Member, older than Nuuk Killeq Member (NQ+NA1+NAtrans)
Anaanaa Member

Maastrichtian—Palaeocene sediments

Albian—Campanian sediments

Pracambrian basement
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Fig. 4. Simplified geology of northern Disko and Nuussuaq showing the gradunal eastwards
expansion of the early volcanic rocks of the Vaigat Formation from the Anaanaa to the Nuuk
Killeqg Member. The western extension of each unit is not shown. The southern cxtension of
the early Vaigat Formation rocks on North West Disko is unconstrained towards the south
and west because of later subsidence of the Nuussuaq Basin.

Extensional fault
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(4) Nuuk Killeq Member (NK), comprising silica-enriched subaerial basaltic lavas
(¢. 50 m thick and reversely magnetized (C26r)),which form a very characteristic
lithelogical marker horizon (sec laler).

The gradual eastwards expansion of the successive units (NQ +NA1 + NAtrans
and NX} 1s shown in Figure 4,

Pre-voleanic surface

In the area described here, the volcanic rocks transgress a pre-volcanic escarpment
which is the site of a4 N-5 trending fault along which the sediment surface was
downthrown more than 400 m towards the west. The fault system was reactivated in
post Vaigat Formation time as the Kuugannguaq—Qunnilik Fault (Chalmers er al.
1999, Foldout 2). East of the fault, tilted blocks of mid-Cretaccous clastic sediments
from the Atane Formation {Pedersen & Pulvertaft 1992) now dip 10-20°E to NE.
West of the fault the upper part of the sedimentary section is best known from drill
holes and consists of Late Cretaceous to Puleocene submarine fan to submarine
canvon sediments of the Ttilli and Quikavsak Formations (Dam & Senderhoim 1994,
Dam 1996; Christiansen e @l 1999).

The contact between the hyaloclastites of the NQ (o NK units and the underiy-
mg sediments in the deep marine basin is exposed at a lew localitics along the south
coast of Nuussuag (Profile B cf. Pedersen et al. 1993) and is important for the assess-
ment of the syn-volcanic subsidence around the transition zone. Here, the clastic
sediments of the Cretaceous Atane Formation are separated from the marine hyalo-
clastites by a thin layer of Palgocene marine mudsione with 4 sparse ussemblage of
dinoflagellates (Piasecki er al. 1992). The thickness of this layer varies from only a
few cenlimetres (o between 5 and 10m. This lack of sediment suggests a very short
pre-voleunic duration of the marine conditions even in the deepest part of the basin
overlam by 300 to 700 m of hyaloclastites.

Nuusap Qagqgarsua Member (NQ)

The NQ Member is exposed within a roughly 5km wide belt extending for 30 km
from Kuugannguaq valley on Disko in the south through Nuusap Qaggarsua Lo
west of Qunnilik vailey on Nuussuaq in the north.

On Disko, NQ represents the oldest exposed volcanic rocks and forms a >220m
thick hyaloclastite with continucus foresets indicating a water depth in excess of its
exposed thickness, The hyaloclastile foresels indicate filling by lava flow from the
west into the manne basin west of the palaeo-escarpment (Fig. 3, Profile A). From
the escarpment and eastwards, sandstones of the Atane Formation formed a
fowlying plain at the time,

On Nuussuag, NQ forms a 60 m thick succession of pahoehoe lava flows and asso-
ciated foreset-bedded hyaloclastites which filled the more than 300m deep marine
basin from the west {Fig. 6). Within the succession a pause in volcanism led to the
formation of a 40 m high coastal cliff from which a volcanic conglomerate deposited
as a marine talus fan on the hyaloclastite can be [ollowed more than 200m down-
slope (Fig. 7).
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Fig, 5. Profiles A and C {for location. sec Fig. 3). Profile A, Naajanngwit, shows the oldest exposed rocks of the Vaigat Formation on Disko and
illustrates how voleanic rocks of NAT and NAtrans overlap a palaco-escarpment at around 3000 to 4000m at the horizontal axis. The simplified
profile A shown in Figure 2 represents the purt 1t 1000 to 2000 m. The palaco-valley shown in Figure 10 s situated at 4300 m. Profile C. Aaffarsuaq,
shows the volcanic rocks of NAtrans and NK from the Aalfursuaq valley on Nuussuaq and illustrates how Nuuk Killeg Member progrades into the
deep marine basin tn centrat Nuussuaq. F. subaquatic fecder dykes; hy, hyaloclastite breccia. At this locality all ihe voleanic rocks of the magnetic
polarily transition zone are in marine facies.
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Fig. 6. Profile B, showing ihe south coast of Nuussuag between Nuusap Quuqarsua in the west and Nuuk Killeg in the east. The profile illustrales the
progradation of the velcanic rocks and the lateral changes from subaerial into subaquatic facies Chy) from the Nuusap Qaqgarsua Member (NQj) to
the Nuuk Killeq Member (NK) and vounger. The continuation of hyaloclastite beds from the shore facies to the bottom of the marine basin allows a
precise estimation of palaco water depths. An arrow labelled K—(Q faull marks the position of the Kuugannguadg- Qunnilik fault. Modified from
Pedersen e af 1993, The locations of Figs 7, 8 and 9 are all around 3500 to 4400 m on the horizontal scale.
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Fig, 7. Delailed multi-mode] photogrammetrical comptlation of the Nuusap Qagqgarsua
Member (NQ) and the NAI unit from the Naujinguit Member in the mountain Nuusap
Qaqqarsua {location in Fig. 6 at 3500-4000 m). The palaco-clifl with a prominent submarine
talus fan shows that NQ did no develop at a continuously high eruption rate. Note the five
thin hyaloclastite horizons within the NAT unit. which illustrate an almost perfectly balanced
volcanic aggradation and basin subsidence at & high cruption rate. Modified from Pedersen &
Ducholm (1992).

At the time of the last eruption of NQ the coast extended N S for more than
25 km and separated a lava plain in the west from the marine basin in the east. The
basin widened from less thun 1km in the south (on Disko) to many kilometres in
the north {on Nuusseag). The northwestern extension of the basin is poorly resolved
because of lack of continuous exposures,

The duration of the N} unit cannot be accurately estimated. The formation of the
palaeocliff and conglomerate shows that this phase of volcanism did not evolve
continuously.
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Naujanguit Member (NAI and NAtrans)

This part of Naujanguit Member consists of 300—400 m of olivine-rich subaerial lava
flows and up to 850 m of lavas and hyaloclastites where the unit prograded into the
marine basin. It is partially exposed over a 28 km wide zone in northern Disko and
over an up to 15km wide and up te 35 km long arca stretching northwards (rom the
south coast of Nuussuag. The detailed evolution and facies progression, which is
central to our analysis, wili be described in a later section.

On Disko, all the exposed parts of NA| and NAtrans west of Kuugannguag valley
are in subaerial lava facies and record a monotonous lava field. East of Kuugannguaq,
the lower part consists both of lavas and intercalated thin hyaloclastite horizons, also
where it spills onto the sedimentary land surface, indicating a development very close
to sea level.

On Nuussuagq, the lower part of the succession records repeated changes between
subaerial and submarine facies in the west, again indicaling proximity to sea level,
and a general progradation into the deep marine basin eastwards. The upper part
of the succession is in purely subaerial facies in the west and gradually progrades into
the basin in the east.

Nuuk Killeq Member (NK)

This unit forms one of the most prominent lithological marker horizons within the
Vaigat Formation, being quite distinctive in lithelogy as well as petrography and
geochemistry.

On Disko, NK is a succession of lava flows continuously exposed for more than
28 km along the north coast from Serfarsuit in the west 1o east of Naajannguit, where
the member dies out, Tt 18 widely present in western Nuussuaq as a lava succession
exlending from the south coast 10 the north coast (Fig. 4). Where it occurs in subuerial
facies, NK is composed of an up te 30m thick succession of brown basalt lava flows
of either aa- or pahoehoe-type. In some areas the unit encloses a few greyish-
weathering picrite lava flows., The wide areal extent of this comparatively thin
succession of lava flows shows that the lavas must have flowed over an essentially
horizontal lava plain, free of notable depressions or escarpments other than the
marine basin bordering the plain towards the east. The basal NK lavas entered the sea
along a palaeo-coastling extending for more than 20 km from the south couast of
Nuussuaq northwards and across the Qunnilik valley. The foreset-bedded hyalo-
clastites of this unit record water depths between 450 and 600 m (Fig. 6).

Volcanic rocks of the NK unit filled in a 4-5km wide part of the marine basin
(Fig. 4). Within the younger part of NK, lava flows covered by thin horizons of
hyaloclastite demonstrate that continued basin subsidence caused temporary trans-
gressions of the basin shore in a westerly direction, only to be interrupted by the
next eruptions.

Eruption frequencies and rates of basin movements derived from the
transition zone

The transition zone (NAtrans) has been studied in particular detail on the moun-
tain Nuusap Qagqarsua, where it has been sumpled [or stratigraphical, geochemical
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and palacomagnetic stadies. The same lithologies have been measured photogram-
metrically on the inaccessible near-vertical walls of the south side of the mountain
where the best exposures of NAirans are situated (Fig. 8). NAirans is here 165m
thick and is composed of 59 picritic pahoehoe lava flows, many of which form small
groups of flow tongues. The thickness of individval flows varies from less than 1 m to
10m, and small lava domes with diameters of less than 15m are widespread. The
number of individual flows encountered in random vertical profiles on the sides of
Nuusap Qaquarsua accordingly varies by a few flows,

The 59 Tava flows in NAtrans correspond Lo g smaller number of eruptive events
because cach cruplion can result 1n a number of pahochoe flows. From ficld appear-
ance and geochemistry at least six eruptive evenls have been recognized. Based on
palaeomagnetic data, Riisager & Abrahamsen (1999. 2000) found al lcast eight
events, each event consisting of several consecutive flows recording the same direction
and intensity of the palacomagnetic field and hence being closely spaced i time.
Using features such as soil horizons and lava morphology, colour and oxidation, the
photogrammetrical interpretation yields an estimate of 17 cruptive events within

NAtrans

Fig. 8. Photograph showing repeated subageous subacrial facies changes at the near-vertical
wall of Nuusap Qaggarsua on Nuussuag. hy. hyaloclasute breccia. Height of section is
600 650 m. Location at 3600- 4400 m in Figurc 6. A detailed photogrammetrical interpreta-
tion of the upper part of the snecession in the left side ot the picture Is shown in Figure 9.
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NAtrans {Fig. 9). For the Nuusap Qaqgarsua mountain locality we thus arrive at the
following values, using a 5ka cstimate for the duration of the C27n C26r transiiion:
aggradation rate 33mka~!; 12 flow tongues per ka; maximum and most probable
time separating eruptive events 0.7 and 0.3 ka, respectively. A distinct soil horizon
lies between the top of NAtrans and the base of the NK umt and is about 5 10 10
{locally 20} cm thick. It marks a pausein the volcanic activity of some hundred years
{see below), but it is nol known if it occurred during C27n- C26r trans or C26r.

In profile A al Kuugannguup Innartaa on Disko, which 1s the stratigraphic type
section for the Nawanguit Member (Pedersen 19834; Fig. 5), NAtrans is around
175m thick and contains a number of lows similar to those on Nuusap Qagqgarsua.
Palaeomagnelic work on profile A (J. Riisager pers. commm.) and comparison with
the Nuusap Qagqarsua prohle shows the exisience of a similar number of different
palacomagnetic directional groups (eruplive cvents); however, the pole positions
cannot be correlated between the two profiles, indicating that the lavas represent
different eruplive events and that a lypical picrite lava flow has a mean lateral extent
of much less than 16 km (the distance between the two profiles). This 1511 accordance
with other observations on picritic lava flows from the Vaigat Formation. It also
indicates a similar volcanic aggradation rate over a wide lava piain.

The basal lavas of NAtrans entered the deep marine basin at ¢. 6km in profile B
(Fig. 6) and the youngest NAtrans lava flows entered the marine basin 5 km farther
east. This corresponds to 4 volcanic progradation of about Skm in Ska, vielding a
mean progradation rate in the order of Ima~'.

Furthermore, the NAtrans subaerial lava succession thins gradunally from west to
east as the lower flows are successively passed into hyaloclastites, indicating that the
basin around the voleanmic front was gradually subsiding and that the lavas formed
an almost horicontal lava pkun which remained very close to but above sea level,
Because the lavas in the west remained in subaerial facies the subsidence here was
less than the thickness of NAtrans (I165m) but certainly not much less, and a sub-
sidence in the order of 120-150m in Ska, or 25-30ma~! is considered a reasonable
conservative estimate.

A 10-13m thick horizon of NK hyaloclastite extends for c. 1600 m westwards
from the point of entry of the voungest NAtrans picrite lavas into the deep basin
(Fig. 6, at 10 1!l km} increasing to 20m just before the horizon enters the deep
basin, covered by NK lava flows. The marine transgression thus recorded was caused
by basin subsidence durng the pause m volcanic activilty marked by the above
mentioned soil horizon at the base of NK at Nuusap Qaqgarsua. If the NAtrans rale
of subsidence s assumed for the soil-producing period, this gives a duration of
¢. 0.5 ku for this period. Because it is not resolved whether the pause occurred during
C2Tn -C26r trans or C26r, a further ¢. 10% uncertainty 1s thus added to the estimaies
of volcanic productivity and basin movements, but this is trivial compared with the
uncertainty of our basic estimate.

Movements recorded in the NA1 zone

The detailed geology of the NAI zone exemplifies three features of interest here.
Firstly, syn-volcanic movements are recorded at the earliest contact between subaerial
lava flows and the pre-volcamic sedimentary palacosurface; secondly, aggradation
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and subsidence were very accurately balapced, resulting in oscillations just around sea
level; and thirdly, local syn-volcanic extensional differential sagging is seen.

At profile A (Fig. 3) on Disko the NA | unit is around 150 m thick and is exclusively
composed of subaerial pahoehoe lava flows. Interbasaltic soils arc very rare, attest-
ing to an almost continuous volcanic activily. The same eruptive frequency and
productivity can therefore be ussumed for both NA1 and NAtrans which mplies a
duration of ¢. 5ka for NAT.

Contact between subaerial lava flows and the pre-volcanic
sedimentary surface

Following the NAT lava succession eastwards on profile A {Fig. 5} its lower parts are
concealed under scree but at Naajannguit where the lavas overstep the palaec-
escarpment the lower contact 1s exposed in several gullies (profile A at 3800- 4500 m).
Subaerial lava flows from the upper part of NAL rest on mid-Cretaceous Atane
Formation deltaic clastic sediments which dip 15-20°E to NE. The lavas have filled
the bottom of a palaco-valley trending NW-SE and overstep a ¢. 50m high, steep
slope (Tacing 60 SW) which forms the NE wall of the valley (Fig. 10). The substantial
palaco-topography in the soft sediments strongly suggests that the steep-sided valley
was part of a newly created fault scarp and that the Atane Formation sediments were
tilted to their subaerial position as the shoulder of an extensional fault block by syn-
volcanic extensional tectonism. The first stage of tilting of the sediments could be
substantially older. A thin hyaloclastite and pillow lava horizon ai the top of the
valtev, marking the base of NAtrans, indicates that the lavas filled the valley very
close to sea-level,

Balanced aggradation and subsidence around sea-level

The NAT zones on Disko in profile A and on Nuussuaq in profile B (Figs 5 & 6)
display a significant difference in voleanic facies, On Disko, the 150m thick NAL
succession consists entirely of subaertal lava lows. On Nuussuaq, the ¢. 200m thick
NAT zone consists of subaerial lavas aliernating with five horizons of foreset-bedded
hyaloclastites between 8 m and 30m thick {Figs 6, 7 & 8). Only one soil horizon 1s
ohserved. This succession records an almost perfect balance between aggradation of
the lava plateau and subsidence of the basin. Five events are recorded tn which
subsidence led to submergence of the subaerial lava plam to form a shallow shelf
with water depths up to 30 m. Just | km farther east the hyaloclastite horizens merge,
marking the transition to a deeper basin at the time not vet filled by the advanc-
ing volcanic fronts (Profile B at 4800 m). If the NAtrans aggradation rate is applied,
the succession indicates a basin subsidence rate close to the volcanic aggradation

Fig. 9. Detailed multi-model photogrammetrical interpretation of the upper part of Nuusap
Quaqqarsua including the magnetic polarity transition zone C27n—C26r {NAtrans. base and
top marked by arrows) which is estimated to have erupted in ¢, Ska. Individual eruptive units
are distinguished by different signatures. About 17 eruptive units, most of which consist of
several picrilic tava flow tongues, can be distinguished within NAtrans. A thin soil horizon
separates the NAtrans unit from the overlying contaminated basaltic lavas of the Nuuk Killeg
Member (NK). hy, hvaloclastite breccia. Location at 3800 m in Figure 6.
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Fig. 10, The steep-walled conlacl of a palaeo-valley carved into Cretacecus clastic sediments
of the Atane Formation (A. bedding planes indicated with stippled lines) has been preserved
by the casting effect of a number of subuaerial picritic lava flows (L) from the NAT unit at
Nazjannguit on northern Disko (Proifile A at 4400m, Fig. 5). The palaec-valley must have
formed at an uplifted fault crest of Atane Formation sediments. The valley is the earliest
example of an onlap contact between subaerial lava flows and oider sediments within the
Nuussuaq Basin,

rate of 30mka~'. The five hvaloclastite deposits then represent periods of vol-
canic inactivity between 0.3 and | ka, which is within the range of periods of voleanic
inactivity deduced from the overlying subaerial lavas from NAtrans.

Extension-controlled syn-volcanic differential subsidence

In profile D on the western side of Qunnilik Valley, 12km due north of profile B,
the zones NA1 to NK and yvounger parts of the Vagat Formation are well exposed
(Fig. 11). The facies development is somewhat similar to that seen in profile B,
showing an alternation belween subacnial lava (lows and hyaloclastites within unit
NAI1, but ithe geomelry is different. The detailed photogrammetrical analysis (Fig. 11)
shows that NAT is almost exclusively in subaerial facies in the southern part of the
valley, but within a distance of less than 1.5km it develops into a dipping succes-
sion of alternating lavas and hyaloclastites, with the hvaloclastite deposits rapidly
thickening towards the E to NE. The dips of originally horizontal lava flows and lava
to hyaloclastite boundaries gradually decrease up-section from 9° to 47, The basal
¢. 33m of NAtrans 1s a hyaloclastite, and from there up this facies is subaerial with
lava flows dipping 3—4°NE. This monctonous dip is probably of post-Vaigal Ferma-
tion age. The section 1s mierpreted as recording syn-volcanic movement of a slowly
tilting. extensional fault block which stapped moving around the time of the start of
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Fig. 11. Profile D showing part of the western wall of the Qunnilik valley. Lava flows and
lava 1o hyalociastite (hy) contacts show a regularly decreasing dip of 9° to 4° from the buse (o
the top of the NAL unit while the hyaloclastite horizons decrease in thickness towards the
southwesl. The volcanic rocks younger than NA1 show a monotonous dip of €. 4", The strue-
ture demonstrates the differential movements of a fault block within the ¢. 5 ka time window of
NAI and is preserved in detail because of the very high eruption rates,

NAtrans afier a total rotation of at least 5° around a NNW 5SE axis. Subsequent
monotonous volcanic aggradation occurred over a rigidly subsiding horizontal lava
plain. With an estimate of c. 5 ka for NAL, a rate of rotation in the order of 1" ka ! is
indicated. The differential excess subsidence is around 85m over 1 km horizontally.

Volcanic productivity during the C27n—C26r transition

A reconstruction of the volcanic province at the beginning of NAtrans shows a
horizontal lava plateau extending for roughly 25km E-W along the north coast of
Disko and at least 35km northwards to central-western Nuussuag. The western
margin of this plateau has now disappeared either through subsidence into the sea
west of Disko or due to Quaternary erosion on Nuussuaq. The eastern part of the
plateav was the N-5 running palaeo-coastline from north of Disko through western
Nuussuaq that marked the border of the deep marine basin. The plateau had an
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areal extent of at least 875km?, and if it was covered by a uniformly 160m thick
succession of NAtrans luvas. the minimum volume of these lavas is 140 km*. During
progradation, NAtrans volcanic rocks filled a Skm wide and at least 25km long
sectionn of the marime basin with hyaloclastites and covering lavas. With ¢ meuan
thickness of lavas plus hyaloclastites of 700m. und applying a factor of 0.75
(conservative estimale) for converting the hyaloclastites into an equivalent magma
volume, this sector represents a volume of 10km® lava and ¢. 60km?® converted
hvaloclastite. The total volume of NAtrans is thus 210km? of lava. The minimum
production per year is then 0.042 km®. This minimum estimate is fairly similar to the
magma supply rate of 0.08-0.11km" a ~! estimated for the recent activity of Kilauea
volcano, Hawaiti (Swanson (972; Denhinger {997} In comparisons of rift zones,
magma preduction rates are normally caleulated per kilometre of rift length. The nft
zone is not well defined in Wesl Greenland, but we assume a rift at this stage with a
direction roughly NNW-SSE. as judged from prominent early Vaigat Formation
dyke directions and the NNW-directed axis of syn-volcanic fault block rotation
noted above. The length is equal to the extension of the volcanic plateau of the time,
¢.35km from northern Nuussuaq to northern Disko. The minimum productivity
estimate then becomes 1.2 x 10 “km*a~"km™" (rift). This is an order of magnitude
higher than the minimum estimate of 1.3 x 10" *km*a km~! (rift) for the complete
Vaigat Formation and early and middle Miligat Formation given by Storey et af.
(1998). It is also an order of magnitude higher than the productivity cstimate of
1.3 x 107 km* a~' km ! for the neo-volcanic rift zones of Teeland (Pdlmason 1981).
Even with a duration of the (ransition zonc of 10ka, the productivily would have
been greatly in excess of that characterizing recent Icveland.

Discussion and conclusions

Duration of the Vaigat Formation

The combined maximum thickness of all the successive subaerial lava units of the
Vaigal Formation is ¢. 2.1 km. To this could be added an unconstrained thickness
representing the oldest Anaanaa Member picrites. only known in subaquatic facies.
If 1the Vaigat Formation was erupted continuously with the volcanic aggradation
rate of 33mka~! established from the C27n—C26r transition. a total duration of just
60- 70 ka is implied. Neither existing “°Ar/**Ar dating, nor palaecomagnetic nor bio-
stratigraphrcal work. provide a time resolution which allows discrimination between
70ka and the crude estimate of 0.5 Ma for the total duration of the Vaigat Forma-
tion given earlier. However, a geological assessment can be made.

Those parts of the lava suecession composed of olivine-rich rocks have in general
only few and thin soil horizons, despite the easily weathering nature of the picrite
lavas and the palacobolanical evidence of u temperate to warm temperate climate
(Koch 1963). It is thus likely that the major part of the Vaigat Formation was erupted
at a high rate that did net deviate much from that recorded by NAtrans. On the other
hand, many geological features make i1t unlikely that all of the Vaigat Formation was
erupted in about 70 ka. The formation evolved in three distinet magmatic cyveles, and
the boundary belween the second and the third cycle is locally a shghtly angular
erosional unconformity. with eroded lava flows and thin conglomerates (Pedersen
1985a, b). Soils are common at the bascs or tops of the subordinate successions of
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evolved basalts or crustally conlaminated rocks, most of which represent minor
voleanic systems erupted without intermittent picrite voleanism. Some of the con-
tarmninaied units, such as the Tunoqqu Member (Pedersen er al. 1996), record a
complicated basin hstory with several phases of conglomerate formation. Finally,
the sedimentary record of at least 140m of syn-volcanic mudstone deposited in the
Naajat Lake contemporaneously with the Vaigal Formation (Pedersen ef al. 1998)
argues against a short duration. All these features add up o a picture of a geological
evolution which is extremely unlikely to have lasted only 70 ka. We therefore prefer a
scenario in which the Vaigat Formation volcanism evolved under conditions causing
high eruption rates over short periods, separated by periods ol low activity or even
inactivity, over a combined time span much in excess ol 70ka.

Syn-volcanic basin movements

The sea-level record provided by the lava to hyaloclastite transitions allows a
firm estimate ol subsidence of the basin around the volcanic front in the order of
25mka !. Movements of this size are considerably greater than the eustatic sea
level changes around the C27n—C26r transition {Haq e/ /. 1987; Neal 1996) and must
arise from a combination of loading by the heavy volcanic rocks, sediment com-
paction (e.g. Revnolds ef a/. 1991) and the tectonic forces of basinal extension. Dam
& Senderholm (1994, 1998), Dam ef af. (2000}, Nehr-Hansen ef of. {2002) and
Chalmers et af. (1999} have demonstrated two late Cretaceous and two pre-velcanic
Paleocene tectonic phases within the Nuussuag Basin, and a late fifth pre-volcanic to
syn-volcanic phase of subsidence is evident from the sedimentological record. The
syn-volcanic subsidence rate determined here amounts to 25km Ma ! and 1s so high
that it cunnot have been continuous, therefore the main part of the movements must
have been short-lived. The sediment-starved contacts between the older Cretaceous
basement and the hyaloclastites in the marine basin suggest that the deep basin had
only existed for a short period before it was filled with hyaloclastites and that it was
undergoing a dramatic deepening within the < 20ka time interval between the NQ
and WK units.

The basin movements of the Vaigat Formation were not exclusively passive load-
controlled subsidence. Several examples of short-lived differential basin movements
both before and after the eruption of the velcanic rocks of the NAtrans and NAI
units considered here are recorded from the Vaigat Formation on Nuussuag (Peder-
sen & Dueholm 1992, figs 10 & 15; Pedersen e af. 1993, 24 km, 34 km and 50 km; and
unpublished data). Of particular interest are the two cases recorded here in the NAI
volcanic rocks (Figs 10 & 11) which provide proof of cxlension of the Nuussuag
Basin within or just prier to the narrow time window of this unit. Differential move-
ments of a number of fault blocks at different sites at different times, followed by
stabilization of the blocks once a stable subaerial lava plateau had built up on top of
them, were apparently characteristic of this stage of development.

Comparison with other parts the North Atlantic Igneous Province

The volcanic rocks of the Vaigat Formation in West Greenlund represent one of
the first manifestations of volcanisin from the proto-Icelandic mantle plume. The
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volcanism was very vigorous, even if a4 10ka timespan is assigned to the C27n- C26r
transttion, and the estimated volcanic production rate of 1.2x 10 *km’a 'km *
(rift) is similar to the figure of 1,33 x 10 *km*a Tkm 7 (rifl) estimated for the thick
seaward-dipping reflecior sequences that were produced later, around 56 33 Ma. on
the SE Greenland continental margin (Larsen & Saunders 1998} This rate 1s an
order of magmtude higher than the production rate at the present site of the Ieeland
mantle plume (Palmason 1981).

Despite the high muagma production rates, the total amount of magma produced
pur year in Wesl Greenland was small because of the limiled area ol eruption (small
hypothetical rift length). Our estimated magma preduction for the known parts of
the C27n—C26r transition zone is a minimum of 0.042 km*a~'. The magma produc-
tion for the whole Baffin Bay region at that timeas difheult to estimate. Rocks of the
transition zone may be present below sea level on Ubckendt Ejtand (Fig. 1). but this
18 not known, The small lava and hyaloclastite succession on Baflin Island {Clarke &
Upton 1971) 1s normally magncetzed (Deutsch ¢f «f. 1971) and 1s most likely a time
equivalent to the Anaunaa Member of the Vaigat Formation; hence 1t is older than
the magnetic polarity transition zone. Until positive evidence for widespread early
Vuigat Formation volcanism offshore West Greenland appears from geophysical
data or from oi] exploration drilling. the best estimate of the total magma production
in and around West Greenland at the C27n-C26r (ransition is less than 0.1 km*a .
This is considerably less than the rate of cruptlion later in the history of the NAIP
during and after the break-up between Greenlund and Europe: for the ume mterval
57.5-54.5 Ma, Eidhoim & Grue (1994) estimated a total production of 2.4km a1

Altogether, a clearcr picture is emerging of the carly phases of volcanism m West
Greenland. We envisage 4 small but vigorous and ramdly expanding volcanic prov-
mce developing in a sedimentary basin undergoing extension and rapid subsidence
conlemporancously with the progression of the volcanic fronts. With a voleanic
productivity comparable 10 the activity of the present-day Kilauea volcano. the
volcanic activily within a tmespan of a few tens of ka gave rise lo the most substantial
palace-geographical changes within the Nuussuaq Basin witnessed over its 90 million
years of existence.

We are grateful to Ole Marsk-Mpller at the Technical University of Denmark for technical
support during the photogrammetrical work. The Geological Survey of Idenmark and
Greenland’s expedition leaders Flemming G. Christiansen and Feiko Kalsbeek provided
extensive support during field work in Greenland. Constructive criticisin by Chris Pulvertaft
and by reviewers Brian Bell and Henry Emeleus are gratefully acknowledged. This paper is
published with permission lrom the Geological Survey of Denmark and Greenland.
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Abstract: The volcanic succession in the inland Prinsen af Wales Bjerge contains
the oldest known onshore tava flows {61 Ma) of the Palaeogene East Greenland
flood basalt province. These flows and interbedded sediments define the Urbjerget
Formutlion and arc found in the southernmost part of Prinsen af Wales Bjerge,
Flows of the Urhjerget Formation are chemically similar to the coastal Vand-
faldsdalen Formation flows and the two formations may be chronostratigraphical
equivalents. The Urbjerget Formation is overlain by the <57 Ma tholeiitic basalts
of the Milne Land Formation. Four regional voleanic formations are found along
the Blosseville Kyst, but the Milne Land Fermation is the only one present in the
southern Prinsen af Wales Bierge. Flows of the absent formations (Geikice Plateau,
Ramer Fjord and Skranterne formaltions) may not have been able fo enter the arca
due Lo local uplifi, more distal located eruption sites or possibly topographic
features. A high-S1 (510 » 52 wt%) lava flow succession in the Milne Land Forma-
tion consists of crustally contaminated magmas which were arrested in crustal
chambers as the magma supply rate from the mantte decreased, either due to a

From: JoLLEy, I W, & BeLL, B. R. {eds) The North Arlantic fgneous Provinee: Stratigraphy, Tecionike,
Volcanic and Magmatic Processes. Geological Society, London, Special Publications, 197, 183-218. 0305-
8719:02/315.00 . The Geologicul Society of London 2002
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general lowering of potential mantle temperatures or a decrease in the rate of
continenlal rifting. Tholeiitic high-Ti Nows (MgO: 10-15wt%. Ti0z 5-6 wta)
within the Milne Land Formation are unique to the Prinsen at’ Wales Bjerge
region, and equivalents have not been reported from other flood basalt provinces,
Local flow composition variations in the Milne Lund Formation can be explained
as the result of melting under lithosphere of variable thickness, small-scale
variations in mantle composition and mixing in small magma chambers. Uncon-
formably overlying the Milne Land Formation is a snccesston of ¢ 53 Ma alkaline
flows, known as the Prinsen af Wales Bjerge Formation. Several crater sites are
known trom this flow succession and this suggests that the Prinscn af Wales
Formation was only covered locally by later voleanic or sedimentary units. The
duration of slkaline volecanic activity in the Prinsen af Wales Bierge is not well
constrained but may have been less than 2.5 Ma. The hiatus between the Urbjerget
and Milne Land formations is a regional feature in the North Atlanue as it occurs
at a similar stratigraphic level at Nansen Fjord, the Faroe Islands and in the ODP
Leg 152 volcanic succession off SE Greenland at ¢, 63°N. [t represents a 3-4 Ma
long cessation of, or very low [requency of activity in East Greenland/Faroese
volcanism and may be explamed as the time interval between two pulses in the
palaen-Tcelandic plume.

Palaeogene flood basalts are the dominant geological feature of the central East
Greenland Blossevilie Kyst between ¢. 687 and 70°N (Fig. 1). Geographically the
basalts cover an area of ¢.65000km” (Pedersen et al. 1997). which make them the
largest onshore outcrop of Palacogene flood basalts i the North Atlantie region.
The North Atlantic flood basalts are mterpreted as the result of palaeo-leelandic
plume activity beneath the rilfting Pangacan continent (¢.g. Brooks 1973; White &
McKenzie 1985; Saunders er af. 1997). The increase in potential mantle temperatures
caused by presence of the plume led to increased mantle melting and the production
of large amounts of mainly tholeiitic basalts with smaller volumes of alkaline
volcanics. The distribution of alkaline voleanics relative o tholentes seems to have
been controlled by position relative to the rift axis, lithosphere thickness and the
presence of alkali-metal and incompatible element-enriched mantle domains. In East
Greenland, the largest volume of alkaline basalts is present in the inland region of
Prinsen af Wales Bjerge {(Fig. 1). They were formed at a time (¢. 52 Ma) when active
rilting, plale separation and tholelitic volcanic activity were concentrated close to or
oll the present coastline of East Greenland (c.g. Larsen & Watt 1985; Brown et al.
1996; Storey et af. 19964). We also show that some of the first Palacogene volcanics
erupted in East Greenland, and in the North Atlantic region, are present in Prinsen
af Wales Bjerge region.

In this paper we present the first formalized volcanic stratigraphy for the southern-
most parl of the Prinsen af Wales Bjerge region from Urbjerget in the south to 1982
Nunatak in the north (Fig. 2). This is possible through the mapping technique
ol multimode! photogrammetry (Ducholm & Pedersen 1992) as a basis for deter-
mining sampling sites of new lava sections and relating them to previously sampled
sections (Hogg ef al. 1988; Hogg er a/. 1989; Brooks er af. 19906; Hansen er af. 1998),
By combining photogrammetrical observations with field observations and petro-
graphical, geochemical and geochronological data we have been able to compile
the results into a stratigraphic mode! consistent with that of other Blosseville Kyst
flood basalts {Nielsen et af. 1981; Larsen et af. 1989; Pedersen ¢1 al. 1997, Larsen
et al. 1999},
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Fig. 1. Map of East Greenland flood basalts. A, Ammassalik; I, [ttogortoormiit.

Geological and geochronoloegical review of the East Greenland
flood basalts

The East Greenland flood basalts were formed as a response to the continental
rifting and break-up that lead to the formation of the North Atlantic Ocean. They
are closely assoctated with other igneous activity in the form of dyke, sill and
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Fig. 2. Exposure map of the Prinsen af Wales Bjerge. Grey. basalt; White, inland ice. Profile
names are in italics, place names in regular font. Unofficial place names arc in citation marks.

plutonic intrusions, and numerous fault systems related Lo the evelution ol the
contintential margin (e.g. Karson & Brooks 1999). Age determinations of the flood
basalts are summanzed i Figure 3. The volcanism occurred in three major phases
according to Storey er af. (19964) and Tegner er af. (1998a). Early volcanic rocks
were emplaced before 58 Ma, the plateau basalts representing the largest volume
of basalls between 56 and 54.5Ma, and late volcanics mainly later than 54 Ma.
The term ‘plateau basals” in this paper is used only as a collective term for the Milne
Land, Geikie Plateau, Remer Fjord and Skrznterne formations (Fig. 3). In the
Blosseville Kyst area, the age of the earliest volcanism has not previously been well
constrained, bul Tegner ef af. (19984) assumed it to be al approximately 62 Ma. This
is the age of early Palacogene volcanism off the SE Greenland coast (Sinton &
Duncan 1998}, in West Greenland (Storey ef «f. 1998) and in the British Isles (ec.g.
Pearson et af. 1996). Tegner et ¢f. (1998a) suggested that the main igneous activity in
the third phase took place between 30 and 47 Ma where it was characterized by dyke
and pluton intrusions, but at least some volcanism took place later in the Miocene
(Storey et al. 19965). Saunders ef af. (1997) suggested that North Adantic basalts
were formed in a two-stage process, the [irst lasting from 62 to 58 Ma and the second
from 56 Ma to the present time. In accordance with Storey ef ¢f. (19964), Saunders
et al. (1997} explained the onset of Palaeogene igneous activily as a possible result of
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Schematic Blosseville Kyst Lava Stratigraphy
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Fig. 3. Volcanic stratigraphy of Blosseville Kyst basalls with data sources in Nielsen ef af.
{1981}, Larsen ef al. {1989}, Pedersen ef af. {1997), Larsen ef ¢, {1999). Lava apes from Hansen
et al. (1995), Storey ef al. (1996a, i), Tegner et al. {19984), Heister et af. (2001) and this study.
The Magga Dan Formation of Larsen er of. {1989} has been reassigned to the Milne Land
Formation (L. M. Larsen pers. comm.). The Urbjerget and Prinsen af Wales Bjerge
formations are formalized in this paper, and the Nansen Fjord Formation is not formalized
{Larsen et gl. 1999). Gneiss basement near Kangerlussnag is probably Archaean (¢. 2.9 Gu),
but was reworked in the Proterozoic (Tavlor er ol 1992).
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mantle plume impact beneath the Pangaean continent at around 62-6] Ma. This is
supported by Tegner er al. (19984), who interpreted the final twoe phases of East
Greenland igneous activity as reflections of continental break-up and passage of the
plume axis beneath the East Greenland margin, respectively.

An overview of the straligraphy of the central East Greenland Palaeogene fiood
basalts is also shown in Figure 3. The early volcanics are only exposed in the south-
western part of the Blosseville Kyst (Nieisen ef af. 1981: Larsen ef al. 1999), roughly
between Nansen Fjord and Kangerlussuag (Fig. 1), and i the Prinsen af Wales
Bjerge (this study). The individual formations of the early volcanics are of a relatively
limited volumetric and geographic extent compared with the Milne Land, Geikie
Plateau, Remer Fjord and Skrenterne formations of the plateau basalts {Larsen ef af.
1989; Pedersen ef a/. 1997) (Fig. 3}. In the northern area at Kap Dalton (Fig. 1). the
plateau basalts are downfaulied and overlain by lavas and iuffs of the Igtertivd
Formation (Larsen ei al. 1989). In the Prinsen af Wales Bjerge (Fig. 1). alkaline lavas
overly the plateau basalts (Wager 1947; Anwar 1955; Hogg 1985: Brown et af. 1996,
Brooks et af. 1996), but the modern (i.e. post-1989) East Greenland flood basalt
stratigraphy has not included the Prinsen af Wales Bjerge region. This is mainly
because the region consists of scattered outcrops in discrele nunataks that can only be
accessed with difficulty. In the scutheastern part of Prinsen af Wales Bjerge, Wager
{1947) observed two main volcanic suites overlying the metamoerphic conimental
basement: a lower suile of near-horizontal basalt flows, and an upper suite of vari-
ably dipping flows, "The Prinsen af Wales Bjerge Basalts™. The former was associated
with (he regional plateau basalt succession which dominates the Blosseville Kyst
between Kangerlussuag and Scoresby Sund, the latter with near-vent local volcanism
m the Prinsen af Wales Bjerge. Hogg (1985) and Brooks er al. (1996) made sumilar
field observations at more westerly locations in the Prinsen af Wales Bjerge, although
Brooks et af. (1996} suggested that some of the variable dips of “The Prinsen af Wales
Bjerge Basalts’ could be due to topographical effects such as draping of the mar-
gins of palaco-river valleys cut into the top of the plateau basalts. Anwar (1955},
Hogg (1985) and Brown et «f (1996) showed that ‘The Prinsen af Wales Bjerge
Basalts” are alkaline, whereas the busalts underncath are tholeiitic (Hogg 1985 Hogg
et al. 1988, 1989).

We present data that enables us to formalize Wager's (1947) "Prinsen af Wales
Bjerge Basalts’ to formation status, the Prinsen af Wales Bjerge Formation (Fig. 3).
Our new data confirm that most of the near-horizonial basalt flows are retated to the
‘plateau basalts’, more specifically the Milne Land Formation (Fig. 3). We also show
that the lowermost part of volcanics in the Prinsen al Wales Bjerge (Urbjerget
Formation in Fig. 3) are related to the earliest phase of igneous activity in the
Palaeogene of Fast Greenlaud.

Geology of the southern Prinsen af Wales Bjerge

The general stratigraphical relationships of the rock successions in the Prinsen af
Wales Bjerge have previously been described by Wager (1947), Hogg (1985} and
Brooks et af, {1996). However, in order 10 study the detailed stratigraphic and geologi-
cal relations in the southern Prinsen af Wales Bjerge between Urbjerget and the 1982
Nunatak (Fig. 2), a combination of multimodel photogrammetrical analysis and
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geochemical/petrographical sampling of lava flows was used in selected sections. This
minimizes the inherent difficulties associated with correlation of widely separated
nunatak exposures, Multimodel photogrammetrical analysis is based on interpreta-
tion of stereo-photographs of mountainsides taken from Twin Otter airplanes, and
details of the method were presented by Dueholm & Pedersen {1992} and Peder-
sen ef al. {1997). The photogrammetric lines interpreted in this paper are shown in
Figure 2, which also shows the locations of the three sections {Urbjerget T, Urbjerget 2
and 1982 Nunatak 1} sampled for geochemistry/petrography at Urbjerget and
the 1982 Nunatak. Photographs of two of the sections and a crater site east of
1982 Nunatak are shown in Figure 4, and the sections are displayed schematically
in Figure 5.

As reported by Wager (1947}, towards the south at Urbjerget (Fig. 2, Fig. 4a),
gently northward dipping lava flows {identified here as Urbjerget and Milne Land
Formations) overly gneisses, probably of Archaean age (Taylor et af. 1992). Farther
north, continental basement is no longer exposed, but the lava suite continues its
slight northerly dip. At the [982 Nunatak, two morphological flow suites are found
{Fig. 4b). The slightly dipping suite is still present (Milne Land Formation in Fig. 4b),
but it is overlain discordantly by the variably dipping lava flows (Prinsen af Wales
Bierge Formation in Fig. 4b), which are equivalents to ‘The Prinsen af Wales Bierge

Urbjerget 1

. X i -' e "_.'\ i ; 4 I.' 5. i
e _JL_--@;R i éiwsr tholeiitic 2 Fm
w1 Ve YOF '_ i "," "y ‘f . basalls
,r pe 54-1':)31\ .,

" “Lower high-Ti 4

Infand ice

sediments <

e

Fig. 4. Photographs of sections {a) Urbjerget 1, view towards NE, with the location of dated
samples. ‘117 is an abbreviation of sample no. 436411, (b) 1982 Nunaiak 1, view towards W,
and (¢} A volcanic crater in the Prinsen af Wales Bjerge Formation. The vertical distance from
the flat ground to the peak of the succession of dipping flows in the right side of the
photograph is 450m, and one of the flows has been dated to 52.5Ma (Peate ez af. 2000).
Locations of sections and crater are marked in Figure 2.
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(b)

1982 Nunatak 1

steeply dipping flows of crater facies

r—u -
r h’.‘Lh*Ti flows

i

Inland Ice

(c)
Crater site, Prinsen af Wales Bjerge Fm

Vig, 4. (continued)

Basalts’ of Wager (1947), The general structure ol the volcanic pile i the region
implies that progressively vounger tlows must be expected when moving from scuth
towards the north. Thus, Urhjerget 1 should contain the oldest part of the succes-
sion and 1982 Nunatak I the youngest. The Urbjerget and Prinsen af Wales Bjerge
formations are formally defined in this paper (sce below and Tables 3 & 4), and the
presence of the Milne Land Formation in the Prinsen af’ Wales Bjerge is inferred
from the ages, geochemistry and photogrammetrical correlations presented below.



PRINSEN AV WALLS BIERGE STRATIGRAPHY 191

Urbjerget 1 Urbjerget 2 1982 Nunatak 1
Stratigraphic Section Stratigraphic Section Stratigraphic Section
\
B . ) 0
1900 mf =y g 7 8
- = ©
2200m | B UMY == Iy \ = IE
= \ * g
== \ 2000m A T &5
£ 3 = A \ A (=
1800 m } £ \ A @ .2
: i i \\ \ A 2 [=5)
100 m == E 1 =
2100 mf = = % M |25 L a
: \
. g 1900 mj: :
E 3 \ |
7O mp == |
= = ¥ | E
2000 m 3 — : : L
E = | ¥ ! T
o . 1800 m i H
=] A ! -
g 1600 m A i @«
B h A\ | c
E 1900 m " =
b= 1700 m| - UHT
i = -
1500 m
1800 mp == l® 5492 1.6 Ma =
L — 48557 +16Ma ]
1700 mj= =+ o= # Alkaline basalts P_g"[ Volcaniclastic sediments
_. . Upper high-Ti flows (UHT) '__& Lower high-Ti flows
E= Upper tholsiitic basalt flows | Oid flows {Urbjerget Fm)
1600 m e Unexposed BB srae. sitstone, mudstone
w 2 wei High-Si flows: Arkosic sandstone
— iy
@ X2 — %
2 — = | Lower tholeiitic basall flows |} Basement (tonalitic gneiss)
9 1500 m
-E b S~ Ages are 405,308, stapwise degassing plateau ages £ 2 sigma sid. dev.
5 e

Fig. 5. Stratigraphic sections of Urbjerget 1, Urbjerget 2 and 1982 Nunatak 1 and suggested
correlations. Ages with 2o standard deviations are from Table 1.

There are fewer [aulls in the Prinsen af Wales Bjerge region than nearer the present-
day coast (e.g. Nielsen 1975). An example of this faulting is present at Urbjerget |
{Fig. 4a). A normal fault with an estimated throw of 450 m cuts through the section in
the mid- to left part of the photograph. The faulting most likely took place after
emplacement of the whole volcanic succession had taken place.

Many of the steeply and variably dipping flows in the Prinsen af Wales Bjerge are
associaled with sites of volcanic craters (Wager 1947, Brooks er al. 1996). This is the
case for the steeply dipping flows at the top of the 1982 Nunatak {Fig. 4b), and
Figure 4c shows another example. The field and photogrammetric observations
in the northernmost part of Prinsen af Wales Bjerge show that the Prinsen af Wales
Bjerge Formation flows in this area tend to have less steep and more uniform dips
than in the southern area, reflecting more distal facies relative to exposed eruption
sites.
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Ages and geochemistry of lavas in the southern Prinsen af Wales Bjerge
0 4r)?® Ar ages

Samples from Urbjerget 1 were dated by stepwise ¥Ari¥Ar degassing method at
Oregon State Universily using AET MS-10 and MAP 215-50 muss spectrometres for
whole rock and plagioclase separates, respectively (Table 1, Fig. 6). The 61.6 £ 1.3 Ma
plateau age of sample 436409 rom a flow near the base of Urbjerget 1 (Fig. 4a)1s the
oldest “*Ar-* Ar stepwise degassing age reported from onshore East Greenland lavas
(Hansen et af. 1995; Storey er af. 1996a; M. Storey & R. A. Duncan unpubl data).
Although the calculated isochron (dashed line in Fig. 6) has an Y-intercept far
from the composition of atmospheric argon (near 0.0003 rather than (.0034), this is
mainly due to the highty limited compositional range of plateau steps (black squares
in Fig. 6). A slightly less perfectly fitted isochron would intercept the Y-axis in Fig. 6
at or very close to the composition of atmospheric argon (**Ar/**Ar =295 .5). Sample
436411 is located above 436409, but still near the base of Urbjerget 1 (Fig. 4a). and its
plateau age (61.0 2 1.1 Ma) is very similar to the age of 436409, Again, the calculated
isochron through the plateau steps gives a high value for the initial “*Ar#Ar, but the
calculated error encompass the value of atmospheric argon. The remaining ages from
Urbjerget I range between 56.7 and 54.9+ 1.1 to 1.6 Ma (Table 1, Fig. 4a). These ages
are similar to Milne Land Formation age data {Storey er of. 19%a; Tegner er al.
19984; Tegner & Duncan 1999; M. Storcy & R. A. Duncan unpubl dala).

Geochemistry

Major clement compositions were determined on 131 whole rock samples at the Rock
Geochemical Laboratory of the Geological Survey of Denmark and Greenland
(Kystol & Larsen 1999). Trace element compositions were obtamed from induchively
coupled mass spectrometry (TCP-MS) on 130 sample solutions prepared using a stan-
dard HF-HNO; dissolving technique (Turner ey al. 1999). Sample preparation for
ICP-MS unalyses took place at Oregon State University, University of Copenhagen.

Table 1. “? Ar*® Ar incremental heating ages for lava flows from the Prinsen af Wales Bierge
region, Fast Greenland

Sample Material Total fusion Platean age  ““Ar Isochron age MSWD  MAr™ar )

ne. age (Ma) (Ma £ 27) % of total {Mat 37 intercept

436409 Plagioclase 639 GL39 =132 694 6l19 2 146 LAz F17LE325 0 0001544
430431 Whole rock 841 6097114 320 SEIE 168 695 48T+ 194 DOMEHIR
436412 Whoie rock 539 M.TrELDE 420 None (2-step plateau) 0.0015%4
436430 Whoie rock 641 5p74L 1406 TR 56931 240 2.04 2874192 0.001 3649
436449 Plapioclase 597 56 70=165 620 56364177 t.le 3le 138 0601495
436458 Plagoclase 548 5493156 940 54,79+ 266 062 RV 6 DOMST9

Ages wre reported relative to blotite monitor FCT-3 (28,04 + 0.12 Mu), which 15 calibrated against hornblende Mmhbh-1
{323.5Ma, Renne ef of. 1994} Plateau ages are the mean of concordant step ages, weighted by the inverse of their
varmances. MSWID is the mean square of weighted deviations and s an F-statistic for the goodness of fit of step ages to the
isochron, Calcutations use the following decay and reactor interference constants: A, = 0LS85 x 107" a~" 4, — 4.963x
107 Wa -t (AT A, = 0.000264, (AT A, = 0000673, (P A Ar-, = 0.01. Tis the neutron fluence factor. deter-
mined from measured monitor AP Ar. Plagiociase separates and whole rock samples were prepared by crushing,
swving and cleaning n deionized water and alcohol. Whole rock samples consisted of 500 am-2mm pieces free from
secondary alteralion, selected by handpicking wnder # hinocular microscope. Plagioclase separaies 436449 and 436454
consisted of 300 pm- 2 mim plagiociase phenocrysts selected using handpicking under a microseope. 436409 was from the
$O0-200 pin groundrmass plagiociase fruction, magnetically separated and purified by handpicking.
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and University of Durham. Samples were analysed at Oregon State University {Pyle
ef al. 1995) and University of Durham (Turner et ¢f. 1999). One sample was anal-
vsed for trace elements using X-ray fluorescence (XRF) on a pressed sample powder
tabiet at the Geologicat Institute, University of Copenhagen (J. Bailey pers. comm.;
Norrish & Chappell 1977). Control experiments showed that element concen-
trations analysed by the XRF and ICP-MS technigues deviate less than 5% for
individual saraples. Although samples from the 1982 Nunalak have previousiy been
analysed for major and trace element compositions {Hogg 1985; Hogg et al. 1939) we
reanalysed them using the methods outlined above in order to prevent interlaboratory
discrepancies. Representative major and trace element analyses are shown in Table 2,
Figure 7 shows some of the major element variations, Figure 8 some trace element
ratio variations, and Figure 9 shows trace element spectra normalized to the Ci
chondrite of Sun & McDonough (1989}
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878r/%0Sr isotopic compositions were obtained on 16 samples. Sample powders were
cleaned in quartz-distilled water for very finegrained material like clays and zeolites.
They were then dissolved and Sr separated following procedures similar to Holm et o/,
(2001}, The effect of alteration on Sr-isotopic compositions was evaluated by leaching
a couple of very altered flows in 6N HCI following the procedure of Mahoney (1987}
before sample dissolution. Analvses were made on the VG5431 mass spectrometre at
the Danish Centre for Isotope Geology, University of Copenhagen. ¥’Sr/*Sr com-
positions of the leached samples were within analytical error of unleached sample
values which indicates very little influence from alteration on Sr-isotopic composi-
tions. Results are listed in Table 2.

Fig. 7. Major element variations of Aows from the southern Prinscn af Wales Bjerge region.
All elements are tn weight %. FeO™* 15 all Fe recalculaied as Fe().
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Table 2. Major and trace element compositions of selected lava flows

Sample no. 436409 436410 436411 436412 436437 436439 436441 436446 436452 436459 436460 436464 436466 436468

Stravigraphic  U1-2 i3 Li4 ui-5 UL-17 Ul-18 Ui-21 LUl-24 ul-32 Ul-36 Ll-41 Ul-44 U147 Ui-49
position

Formation UF Ur UF MLF MLF MLF MLF MLF MLF MLF MLF MLF MLF MLF
Sunte Old flow  OM flow  Old flow L. High-Ti LT, LT L.T. LT LT, L.T. High-5i High-8i U.T T

Basalt Basalt Basalt Basalt Basalt Basalt Basalt Basalt

S0, 49.58 4386 4969 4567 4818 4760 4741 854 4877 88 Sh84 5320 4502 .37
TiO?2 318 2 334 543 212 219 211 2.72 2.37 2.58 160 1.66 1.65 213
ALOs e 9.32 1245 742 1443 14,89 15.64 1336 1431 14.34 12.65 1317 10.03 1332
Fei0s 6.54 6.33 591 284 591 641 5.66 442 455 407 6.64 575 218 4.19
FeO 6.35 #4535 6.30 986 34l 530 5.60 748 T4 £.21 299 4.66 1030 6.93
MnO 018 0.20 016 017 0.18 016 017 0.19 018 0.20 0.1 0.16 018 017
MeO 674 .86 662 12,88 7.27 6.68 6.60 767 7.29 6,83 5.50 1.3 16.21 8.2
Cald 111 12.29 £97 9.00 9.93 11.38 11.63 11.28 22 10.92 8.57 £.9%9 .1 10.28
NayO 259 1.15 21 177 1.84 226 223 214 214 224 2.26 248 1.92 132
K.0 1.2 .70 1.05 0.83 1.94 052 0.26 013 013 0.18 0.97 107 0.63 0.30
PO 04l 0.30 041 062 0.23% 023 0.23 027 0.22 023 0.19 0.17 0:16 021
Vol 1.82 414 220 2.30 22 200 2 1.3% 1M .83 I.10 I.u Lbb 1.27
Sum 99,79 99,31 983 99,27 G968 9962 9969 9954 9961 9945 9943 9963 9965 9971
ICP-MS-Lab. OSU osu GOl osu osu osu osu asL osu osu osu osu osu osu
Rb 18.95 13.84 13 12.21 19.36 1006 6.29 0.70 1.67 103 14.22 2260 15.24 4.61
Sr 434 2301 555 678 331 414 358 289 262 262 m 213 174 252

Y 1691 2.0 ] 4516 2585 26.19 2550 L2 28,07 3123 2191 23108 .06 10
Zr 238 1660 235 552 132 132 128 (E] 150 164 127 LE] nz 143
Nb 258 7.1 25 i %0 Bh 8.5 1.6 B4 5.9 535 53 a.f

Ba 2 716 34 bl L) L] b 55 42 43 260 199 X9

La 28174 1707 M 33,650 9,376 9558 90148 11,6%0  BE84 9206 11217 11863 7577

Ce 65310 43203 0 §9.938 4069 24326 23420 30522 23929 25398 25397 27086  19.735

Pr K807 6104 13.635 inl4 3,689 Ja4e 4,642 Y613 3966 149 Aol 2891

Nd 17.562 27803 42 65,692 17,298 17.298 16473 21948 18.108 19.309 15.210 16.357 13.601

Sm 8123 6771 16,132 4,682 4.5801 4522 5919 S0 5749 1988 4009 3500

Eu 2.561 2.233 4,780 1.599 1.645 1.599 1,978 1,661 1919 1.323 1.380 1.251

Gd E.195 T.002 15.182 4.99% 2 4.700 5,258 5413 5,080 4.601 4 806 4.119

Th 110 0918 2.095 0.833 D.B41 0.785 1.030 09058 1008 669 0716 0669

Dy 5378 4,048 9,698 4404 4613 42m 5507 4.945 5.601 1ERS A6 1650

Ho 0,953 0.823 1.700 0422 0,933 0.395 1082 1,004 1.091 (504 (LE03 0.731

Er 1.8 1003 3E80 2.261 134 1259 374 2.577 2806 2.083 24 1.927

Tm 0316 0,266 0488 0.343 0.353 0.333 0,395 0,365 0420 0.297 0.298 0,272

Yh 1,748 1.435 2,79 1950 1,994 1979 226 2185 2430 1689 1M 1.555

Lu 0266 0.216 0363 0.285 0.29% 0.276 0.338 0312 0.157 | Feqrd 0.254 0.231

HP 6004 4110 - 12523 3300 3300 14 4464 137 4.170 219 1274 2614

Ta 1815 1.259 2185 0.648 0.644 0.632 0.372 0.693 0,739 0.434 (0418 0.531

Ph S381 2361 T 607 L2117 1244 [N 1,565 1.302 1.291 3.605 48| 12400 2659
Th 2501 1.450 28 2479 0.652 0.649 0.596 0931 0670 0.642 182 1301 0.757 1421
u 0640 0316 0976 0214 0176 0.182 0,283 0.253 0.214 0.291 0.276 0,198 0.322
G 27

TiD); (wi%s) - - -

Mn) (wi%)

TR ™Sy 0, 705565 0.703915 (703710 0.703690 0.703508 0.703577 0703487 0.703336 0700256 0.705193 0.706777

1£2SE error) (L0000 0000008 0000008 0000008 (.000D06 D000 C.0000E4 0000006 Q000013 0.000008 0.000K7
TS MSn 0.705468 0703874 DT0ISTS 0703635 0703468 0703572 0703473 0.703310 0709016 0.704995 (.706736

U1-X, lava flow no. X in Urbjerget 1; U2-X, lava flow no. X in Urbjerget 2; 1982-X, lava flow no. X mn 1982 Nunatak 1; UF, Urbjerget Formation: MLF, Milne Land
Formation; PAWBF, Prinsen of Wales Bjerge Formation; L., High-Ti. lower high-Ti flow; LT Basalt, lower tholeitic basalt: ULT., Basalt, upper tholeiitic basalt,
.. High-Ti, upper high-Ti flow; A_. Basalt, alkaline hasalt: OSU. Oregon State University: *. XRF data; GCL. Geological Institute, Umi
T8¢ " Sy, measured isotopic value. *"Sr* Sy initial isotopic value at 60 (old flows) and 55 Ma (other than old fows).

NBS9RT Sr standard averaged o 0710248 £ 0.000002 over the time of Sr-analysis,

ity of Copenhagen:

Geochemical compositions alone define some lava flow suites with coherent
characteristics (Figs 7. 8 & 9). However, for a compiete distinction between individual
suites, stratigraphic level of occurrence must be included. A distinet flow suite is the
*high-Ti flows™. They are tholentic basalts (with one alkaline exception, Fig. 7) to
picrites with TiO, contents of 5 to 6 wt%. No other tholeiitic basalts in East Greenland
with similar MgO-contents reach such high TiOs concentrations, and we have been
unable to find matching compositions in other flood basalt provinces, The “high-Ti
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436472 436476 436478 436479 436480 421701 421706 421712 421720 421724 421725 42170 421732 421740

421742
U1-52 Li1-55 U1-60 Ui-61 Ul-62 uz-l u24 u2-8§ U213 U215 L2-16 u2:20 u2-2 U2-30 Li2-32
MLF MLF MLF MLF MLF MLF MLF MLF MLF MLF MLF MLF MLF MLF MLF
LT LT, uT U High-Ti  UT LT. LT High-§i High-8i UT. uT u.T. uT U.T LT,
Basilt Basalt Basalt Basalt Basalt Basalt Basalt Basalt Basal Basalt Basalt Basaly
4922 48.50 48.61 4783 49.25 4905 48.57 52.75 5).08 49.73 4938 0.0 48,54 49,18 4873
2 110 192 44 258 9 1.55 I.T6 .80 21 i 1M 220 170 330
13.71 1284 1344 9212 14.00 1397 14.13 1339 13.54 14.02 1264 14.23 1344 14.27 1367
159 i 4.51 9.36 443 417 396 524 2,46 6.69 447 7.35 4.52 13.14 543
852 0. 18 49 09 9.00 197 T.46 4.98 7.50 4.00 9.32 368 671 .41 508
018 0n 018 .16 0.20 017 0.40 014 016 0.13 0.21 014 (.16 0.16 0.20
709 641 6.76 R4 565 718 7.05 6.40 6.4 7.78 6.29 6.67 877 549 611
1084 1.2l 048 832 10.25 11.08 11.22 9.59 9.3 10.53 9.56 9.97 988 1091 9.90
1M 245 .49 1.31 26l 218 228 231 254 212 153 126 1,68 28 252
o018 0,19 0.24 468 038 016 0.19 063 0.91 n.s7 043 114 0.61 0.34 024
0.23 0.32 0.28 047 028 022 0.24 018 0.20 0.20 0.34 0.23 0.21 0.2 0.31
(]| 1,39 1.26 2.7 1.03 (R1] 1,59 1.59 (.84 178 1.2) 137 207 0.57 083
9.75 99.79 99,65 99.41 9995 993 99.61 waT 977 99 66 9963 B3R 99.29 99.65 99 33
0su asu 0su 0osu 05U Durham Durham  Durbam  Durham Durham  Durham  Durham  Durham  Durham  Durham
1.78 170 434 2R.18 R 1310 3165 13.59 21243 11.36 11,42 437 9.5 413 p . |
71 279 275 520 274 259 98 248 229 267 284 276 274 295 309
31,28 .12 1543 26,84 3584 30.62 3243 25.83 27.06 26,24 4] .99 29.74 27.03 ALy 19,98
173 215 193 298 193 155 176 145 (1} 139 251 159 151 181 14
{124 142 13 0.2 120 98 121 74 81 10.7 171 10.5 0.1 128 16.6
65 74 66 ki) K9 ] 94 145 2 148 136 n7 99 90 92
11.665 14.031 13 066 32,538 12408 9959 12.312 13.375 14952 11664 13.756 11971 11.149 1212 15.403
0417 37332 34155 1128 33022 26.053 32.067 30,209 3355} 28786 46,599 249,446 28193 32297 39.795
4,604 5.883 5.197 11,141 4961 1.949 4.1 4.074 4475 4004 6,661 4.288 &0 4 R85 5906
21901 26859 24460 47934 23531 18920 2173 17528 19227 18250 29812 19.0M 18574 22306 21.259
5.681 7.313 6780 9.704 6.420 57 6,333 4.841 57 5204 #,506 5540 5447 6.501 7.861
1922 1441 2047 2832 2047 1.983 2.106 1.584 1.633 1.708 2.647 1.895 1.739 20147 2,507
6,082 7,706 6998 9,384 6926 6.159 679 5.003 5534 447 f.502 5.857 5.751 7.263 £.613
1019 1.244 L167 1.210 1133 1033 1.085 0824 0884 0.868 1.403 0.942 0909 1.066 1.292
5622 6.919 6401 5.576 6104 5.723 6,096 40646 5.083 4892 7044 5441 5180 6185 1.389
1.127 1.418 1312 0995 1272 1.097 LI78 0.510 01996 0.952 1.535 1.062 1.3 1150 1410
2837 1.465 1245 2464 3210 27147 2936 2.344 241 2379 1812 2.685 2499 2969 1.653
(430 {532 468 0320 0468 0411 0416 0.337 0.369 0.343 0.546 0,391 0.363 0411 0513
2,395 17 2762 1.771 2841 2356 2.5% 2.05% 2246 2 106 3w 2322 2.207 1558 3145
0,371 0.437 0412 0.240 0,409 0.370 0,392 0.324 0.345 0321 0.514 0.363 (331 0374 0.454
4213 5467 4767 7085 4749 4097 4,551 3774 4249 1662 6.394 4,147 3.924 4650 5.739
0,773 1080 07 2276 027 0.699 [1X.5.01) 0.529 0,543 0.703 1141 0,709 6] Li9g L
1641 2055 1.843 4254 1.745 1,585 20m 3130 A617 2770 3029 2.5 1.559 1.441 1678
1.073 1293 1102 2703 1018 0.733 1124 1.598 L.787 1307 1.733 1.177 1120 1166 1.320
0.281 0.347 0,351 0.784 0.300 0.212 0,296 0.282 0314 0.363 0427 0,298 0,241 0186 0.345
21054 23.048 19874 19.784 19.704 23.627 21.066 200099 22M6 23E16
1338 2.562 1.742 1710 1904 3045 224 2102 2702 3295
0176 046 0148 0162 0.135 0.217 0.147 164 0.152 0198

0703785 0703537 0.703496  0.704476 0703364
0000006 0000006 0.00007  0.000015 0.000009
0703770 0703523 0703460 0.704354 (.703337

flows™ are also characterized by FeO* of 12 to 13 wt%, high P,O;s conlents (0.5 to
0.7 wt%), low ALO; (8 1o 9 wit%), CaO/Al,O; between approximately 1.1 and 1.2, low
Y/ Zr (0.07 to 0.09), low Nb/Zr (0.04 to 0.07), high chondrite-normalized Dy/Yb ratios
(2.2 to 2.4y and La/Nb around | (Figs 7 & &). The ‘high-Ti flows” can be sub-divided
into a lower and an upper suite (see below), where the upper suite is less MgO- and
TiO,-rich (Fig. 7} and have higher Nb/Zr and chondrite-normalized La/Sm ratios
{Fig. 8). The one alkaline ‘high-Ti flow’ is located in the upper suite of ‘high-Ti flows”;
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Table 2. (continued)

Sample no 421746 MG-24 MG-2F MG-27 MG4 MG-06 MGAOT  JG-44 MG-09 MG-100 MG-12 1G4S MG-16 MG-19
Strutigraphic  U2.35 1982-2 1982.3 19524 19827 19824 198210 198202 198204 1982-15 198217 19818 1982-21 1982:23
position

Formation MLF MLF MLE MLF MLF MLF MLF MLF MLF MLF MLF ML PAWBF PAWBF
Suite U U.T uT [45 | uT uT LT, u.T. uT uT {15 ) uT A. Basalt A. Basalt

Basalt  Basalt Basalt Basal Basalt Basah Basak Basall Basalt Busalt Basalt Basalt

Si0y 4067 4855 47 49.62 4583 49.0% 49.06 43,48 45,57 47,63 48,08 4761 86377 4296
i), 292 195 117 153 kR 295 3 328 216 10 14 i 5271
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as mentioned below, it is very altered, and may have attained its alkaline composition
through an alteration process.

The ‘alkaline basalls” arc in many respects similar to the high-Ti flows. although
they reach considerably higher TiO; concentrations (near § wi%), lower Si0O- (down
to 42 wit%), higher FeO* {up to 16 wt%), P,O< (up to | wi%) and higher CaOQ/Al,O;
ratios (up to 1.8) (Fig. 7). Nb/Zr ratios are high (0.14 to 0.24), Y;Zr similar to the
‘high-Ti flows’ (.06 to 0.09), whereas chondrite-nermalized La/Sm and Dy/Yb arc
both high (2.4 to 3.2, and 2.1 to 2.6, respectively). and La;/Nb ratios less than 1
(Fig. 8). Trace clement spectra are relatively steep due to high enrichments in large
ion lithophile and high field strength elements (Fig. 9).
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‘Tholeiitic basalts’ have Mg between 4 and 10wt%, TiO» between 2 and 4 wt%,
and 8i0, between 49 and 52 wt%. They have a wide range of FeO* (10 to 15 wt%),
relatively low P-Os contennts (0.2 to 0.5 wi%), high Al,O5 (13 to 16 wt%) and low
CaQ/AlLO, talios (0.7-0.8) (Fig. 7). Y/Zr ratios of the ‘tholelitic basalts” are igh
(0.14 to 0.20), but Nb/Zr, chondrite-normalized La/Sm and Dy/Yb ratios are low
(0.05-0.1, 1-1.6, 1.4-1.7). The “tholeiitic basalts’ are separated into a lower and
upper suite (see below), where some flows of the upper suite tend to be more TiO,-,
Si0s-, FeO* and P-Os-rich than flows in the lower suite (Fig. 7). “Upper tholeiitic
basalts’ also reach higher Nb/Zr, Lu/Smpy and La/Nb ratios than ‘lower tholeiilic
basalts® (Fig. 8).
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Fig, 8. Selected trace element ratio variations and variation of La/Nb v. 8i0; of flows from
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‘High-8i flows’ (basaltic andesites and andesite) are in many respects similar to the
‘tholeiitic basalts’ although the “high-Si flows’ have higher $10. (52 to 58 wt%),
fower TiO; (1.5 to 2wit% ) and PoOs (0.15 to 0.2 wt%) (Fig. 7), combined with higher
La/Smp (1.6 to 2) and La/Nb ratios (> 1.5} (Fig. 8). Trace element spectra have very
distincet Nb Ta troughs (Fig. 9).

‘0Old flows” (Figs 7, 8 & 9) tend 1o have geochemical characteristics intermediate
belween ‘Lholelitic” and “alkaline basalts’. The suite is not particularly homogeneous.
for example Si0, vary from 46 to 51 wi%, but the lavas occur in a stratigraphically
well-defined succession (see below) and are therefore plotted with one symbol (solid
diamonds) in Figures 7 and &.

Geochemical suites, stratigraphy and correlation in the southern Prinsen
af Wales Bjerge

In order to correlate the volcanic sections coflected from the southern Prinsen af Wales
Bjerge region, successions of lava flows that form distinctive chemical {Figs 7-9) and
lithological suites (Figs 4 & 5) have been identified. The suites are listed below, and
Table 3 shows the relationship between flow suites and lithostratigraphical formations:

(1) “Old flows’ (in Urbjerget 1);

(2} ‘Lower high-Ti flows” {in Urbjerget 1),

(3} ‘Lower tholeitic basalts’ (in Urbjerget 1 and Urbjerget 2);

(4) ‘High-Si flows™ (in Urbjerget 1 and 2);

(5)  ‘Upper tholeiitic basalts” {in Urbjerget 1, Urbjerget 2 and 1982 Nunatak 1}
(6) ‘Upper high-Ti flow” of Urbjerget 1 and high-Ti flows of 1982 Nunatak [;
(7 ‘Alkaline basalts’ (in 1982 Nunatak 1).

‘Old flows’ and interbedded sediments

*0ld flows™ (suite 1} with ages of ¢. 61 Ma (Table 1) are only present at Urbjerget |
{Figs 5 & 6). The flows are massive, aphyric, 5 to 10m thick, and constitute a ¢.30m
thick succession with at least four flows and some poorly exposed intervais. They

Table 3. Overview of stratigraphy in the southern Prinsen af Walex Bjerge region

Lithostratigraphy Geochemical stratigraphy  Exposed sections
Group Formation Sultes/successions
Blosseville Prinsen af Wales Bierge 7. Alkaline basalts 1982 Nunatak 1
Milne Land 6. Uipper high-Ti flows Urbhjergel 1 and 1982
Nunatak 1
Milne Land 5. Upper tholentic Urbjerget 1 and 2. 1982
hasalts Nunatak 1
Milne Land 4. High-Si flows Urbjerget 1 and 2
Milne Land 3. Lower tholeiitic basalts Urbjerget | and 2
Milne Land 2. Lower high-Ti flows Lirhjerget 1 and 2
Urbjerget i. Old flows Urbjerget |

Blosseville Group from Soper ef al. (1976).



PRINSEN AF WALES BJERGE STRATIGRAPHY 203

overly a thin black shale of lacustrine origin with plant fossils, and below this is a less
than 5m thick arkosic sandstone with tree limb casts and lenses with black, organic
material. This fluviatile sandstone rests unconformably on a banded tonalitic gneiss
with amphibolite lenses and massive feldspar segregations. Above the ‘old flow’
succession is an ¢.4m thick volcanogenic finegrained sediment with sparse 3 to
5cm large rounded clasts of olivine—clinopyroxene—Cr—spinel phyric volcanic rocks,
and a strongly altered and SiOj,-veined matrix. The matrix contains subrounded
¢.3.2-0.7mm large volcanic rock and crystal fragments of olivine, clinopyroxene,
and K-leldspar with cross-hatched twinning (suggesting a low-T origin, probably
from the gneiss basement). No drape structures were observed in the matrix above
and below clasts and the clasts have no glassy rinds, suggesting that the sediment is a
redcposited volcanogenic sediment rather than a pristine tuff. Vitrinite reflectance
analysis of the volcanogenic sediment matrix gave a mean value of 0.88% £ 0.07 for
86 counted particles (C. Guvad, pers. comm.) and shows the presence of partally
decomposed organic material. The thickness of the succession from top of the
tonalitic gneiss to the top of the volcanogenic sediment is ¢. 50 m.

Three of the “old flows’ were analysed for geochemical composition. Two of them
have major element compositions fairly similar to the “tholeiitic basalts’ (suifes 3
and 3) higher in Urbjerget 1, although with low Al,O. (Table 2). The third flow is
relatively TiOy- and FeO*-rich compared (o the ‘tholeitic basalts’. Trace ele-
ment spectra of old flows tend to be slightly steeper from Ti to Lu than ‘tholeitic
basalt” spectra (Fig. 9).

‘Lower high-Ti flows™ of Urbjerget 1

The ‘lower high-Ti flows’ (suite 2) are only present in Urbjerget 1, and they have ages
close to 56 Ma (Table | and Fig. 6, samples 436412 and 436430). The *high-Ti flow’
succession is ¢. 145 m thick and consists of at least 12 olivine + clinopyroxene-phyric,
basaltic to picritic lava flows which are capped by 4 thin voleamiclastic deposit, Most
flows arc less than 10 metres thick and compoeund pahochoe types, but & couple are
20 to 40 metres thick columnar flows. Interbedded with the flows are black shales
and volcanoclastic sandstones containing plant fossils and coal seams. Geochemical
characteristics of the 'lower high-Ti flows’ are described above. Another somewhat
similar succession of *high-Ti flows” occur at higher stratigraphic levels in Urbjerget 1
and at the base of the 1982 Nunatak | {see below).

‘Lower tholelitic basalts’ of Urbjerget 1 and Urbjerger 2

“Tholeiitic basalt’ is the most abundant flow type of Urbjerget 1, 2 and 1982 Nuna-
tak 1. In Urbjerget 1, the lower succession of ‘tholefitic basalls” (suite 3) starts above
the lower ‘high-Ti flow” succession and is overlain by a succession of *high-§i flows’
(see below). In Urbjerget 2 ‘tholeiitic basalts’ (suites 3 and 3) form the entire section
apart from an interval between ¢, 1560 and 1680 masl where ‘high-Si flows’ are
present. In 1982 Nunatak 1 ‘tholeiitic basalts’ are [ound throughout most of the
lower portion of gently dipping flows {except from at the very base of 1982 Nuna-
tak 1). At the 1982 Nunatak there is no succession ol ‘high-Si flows’, and the
‘tholeiitic basalts’ most likely correlate with the "upper tholeiitic basalts’ of Urbjerget
1 and 2 (see below),
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The lowermosl ‘tholeiitic basalts’ in Urbjerget 1 1s an approximately 20 m thick sue-
cession of thin (<5 m thick), columnar and compound aphyric to shghtly plagioclase-
clinopyroxene phyric flows with 1-2 .vol.% phenocrysts and glomerocrysts, and with
up to ¢.20vol.% altered glass in the matrix. These flows are overlain by a laterally
inhomogeneous 5 15m thick sediment horizon that varies from shale over silt- and
sandstone to pyroclastic deposits. The pyroclastic rocks resemble debris flow deposits
and are characterized by a clast assemblage of mudstone and hydrothermally altered
basalts. The first lava flows above the sediment horizon are aphyric and very similar
to the ones inbetween the ‘high-Ti flows™ and the debris fow deposit, but from
¢. 1750 masl some flows are plagioclase-clinopyroxene phyric to glomerophyric
{2-7vol.% phenocrysts) with plagioclase as the predominani phenocryst phase
(90 vel,% of all phenocrysts are plagioclase). One distinet flow near 1800 m asl has a
much higher proportion of plagioclase clinopyroxene glomerocrysts (15-20vol.%).
A volcamclastic sediment is {found at ¢, 1825 m asi. and the columnar jointed 510 10m
thick flows above ure plagioclase—clinopyroxene or plagioclase olivine glomerophyric
with ¢. 5 to 15 vol.% phenocrysts. A significant part of the section above these flows is
covered In talus.

*Tholeiitic basalts® (suite 3) in Urbjerget 2 display variable flow morphology from
5-30m thick, columnar-jointed flows to thin, vesicular Hows. They are phyric to
glomerophyvric with 0.5 to 5 mm large phenocrysts and glomerocrysts of plagioclase,
clinopyroxene and olivine (altered), which form between 2 and 10 vol. % of the rocks.
No volcaniclasiic sediments were found in this section.

‘High-Si flows’

‘High-Si flows” (suite 4) are present at Urbjerget 1 and 2, but not at 1982 Nunatak 1.
which is consistent with the photogrammetric analysis that indicates the ‘high-Si
succession’ would occur below the lowermost level of exposure at 1982 Nunatak 1.
At Urbjerget 1, the *high-Si flows’ are aphyric to slightly olivine-phyvric (<3% pheno-
crysts) basaltic andesites to andesite with intergranular to intersertal groundmass
texture of plagioclase, clinopyroxene, FeTi-oxides and altered glass (mesostasis).
Occassionally less than 1% clinopyroxene phenocrysts are present. All olivine in the
rocks is altered. Phenocrysts are approximately 0.2 to 1 mm, matrix phases are ¢. 0.03
to 0.2 mm or finer-grained. Alteration is patchy, ofien related to larger volumes of
mesostasis.

The Urbjerget 2 succession ol “high-8i Rows™ 1s similar to the ‘high-Si flows™ of
Urbjerget 1. However, some of the flows in Urbjerget 2 are olivine + plagioclase
phyric, but always with less than about 7vol.% phenocrysts. At least one flow is
orthopyroxene and clinopyroxene phyric with subhedral pyroxene phenocrysts and
glomerocrysts; some altered phenocrysts in other flows may also originally have been
orthopyroxene. One flow has c. 5 vol.% segregations of irregular, rounded, 1 to 7mm
large mesostasis-rich fields with minerals similar 1o groundmass minerals, but at least
twice as large. Some of the *high-Si flows’ also have minor volumes (¢. 1-3%) of a
late, interstitial SiO;-polymorph which may be secondary. The deduced crystal-
lization sequence for the ‘high-Si flows™ is (olivine)-plagioclase—{orthopyroxene) -
clinopyroxene-FeTi—oxides. In terms of major element compaosition the “high-Si
flows™ from the two sections at Urbjerget are indistinguishable {Fig. 7), but La/Nb
ralios tend Lo be higher in Urbjerget 1 “high-Si flows”.
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‘Upper tholeiitic basalts’ of Urbjerget I, Urbjerget 2 und 1982 Nunatak |

The ‘upper tholeiiic basalts™ at Urbjerget 1 are columnar, 5 to 35m thick flows,
although with short (<10 m) interbedded successions of ¢, 1 m thick, vesicular flows,
The lowermost flows are retatively phenocryst-rich with ¢. 10 to 25vol.% glomero-
crysis of either plagioclase clinopyroxene- olivine or olivine plagioclase glomer-
ocrysts. After some olivine phyric flows with 3 to 7 vol.% altered olivine phenocrysts
and mtergranular to intersertal groundmasses occasionally with flow structures,
flows again (from ¢.2100m asl) become plagioclase clinopyroxene glomerophyric
with 2 to 10vol.% glomerocrysts. From ¢. 2155 masl olivine rejoins the phenocryst
assemblages. often with strongly elongated crystal habits, and glomerocrysts consu-
tute 3 to 10vol.% of the rocks but still with plagioclase as the dominating phenocryst
phase (=90% of all phenocrysts/glomerocrysts).

At Urbjerget 2, the first flow above the “high-Si flows’ is slightly olivine phyric with
c.2vol.% phenocrysts, and the succession up to ¢. 1820mas] consists of inter-
spersed olivine phyric (¢, 3 vol.% phenocrysts), plagioclase -+ olivine phyric (<7 vol.%
phenocrysis) and aphyric flows, all porphyritic Hows with 0.1 to 1 mm large pheno-
crysts. The most abundant matrix phase for all these fows 1s plagioclase, and
groundmass textures are intergranular to imtersertal (although all mterstitial glass
scems to have been altered to mesostasis). Near the top of Urbjerget 2 (¢, 1850-
1890 m asl) some Hows have a larger dip {c. 40°SW) than the main part of the flows in
the section, possibly due to fault-related block rotation. These dipping flows arc
petrographically and geochemically similar to the flows below and immediately above.

The lowermost ‘tholeiitic basalt” at 1982 Nunatak 1 is a 20 m thick picritic flow with
more than 15vol.% olivine phenocrysts. Above is a ¢. |00m thick succession of
plaginclase + clinopyroxene—olivine glomerophyric flows where glomerocrysts reach
up to Tem in dhameler and comprise ¢. 2 1o 10vol.% of the rocks. The flows above
these and up to the base of the variably dipping “alkaline basalt succession” are aphyric
1o shghtly phyric or glomerophyric with olivine and or plagioclase microphenocrysts.

The chemical compositions ol the ‘upper tholeiitic basalts’ at Urbjerget 1, 2 and
1982 Nunatak | are very similar, and collectively also verv similar to the ‘lower
tholeiitic basalts® at Urbjerget 1 and 2 (Fig. 7). The only exception is the picrite at the
base of 1982 Nunatak L. [t has MgO near 24 wt% and low TiO» and SiO» contents
hecause of the high olivine phenocryst volume.

‘Upper high-Ti flow’ of Urbjerget I and “high-Ti flows” of
1982 Nunatak 1

Near the very top of Urbierget 1 at ¢. 2200 m asl is a highly altered vesicular slightly
olivine phyric Ti-rich flow (Fig. 5). Ti-rich thin scoraceous aphyric to slightly ol-
phyric flows also occur near the base of 1982 Nunatak 1 at ¢. 1700 m asl. Chemically,
and in terms of flow morphology, the 1982 Nunatak ‘high-Ti lows™ are more simi-
lar to the ‘upper high-Ti flow’ of Urbjerget 1 than the lower “high-Ti flows’ of
Urbjerget 1 {Figs 5, 7 9). The ‘high-Ti flows’ of 1982 Nunatak 1 are succeeded by
‘tholeiitic basalts’. but no succession of “high-Si flows™ is found above them. This,
along with their geochemical compositions, indicates a stratigraphic level similar to
the level of the “upper high-Ti flow' in Urbjerget 1.
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‘Alkaline basalts’

The southernmost expesure of ‘alkaline basalts® is at the 1982 Nunatak from where
they extend north and westwards in the Prinsen af Wales Bjerge. At 1982 Nunatak 1
the *alkaline basalts’ are variably dipping and separated from the underlying succes-
sion of ‘tholeiitic basalt’ by a discontinuous red—brown sediment layer, possibly a tuff.
The flows in the formation often follow the topography in the underlying lavas,
display highly variabte flow thicknesses within short distances (Brooks [979; Hogg
1985; Brooks et a/. 1996), and there is no systematic variation of flow types. Petro-
graphically they vary from aphyric to strongly olivine &+ clinopyroxene phyric flows
(Hogg 1985}, Photogrammetric and field studies at locations north of 1982 Nunatak
have shown that the ‘alkaline basalts’ become near-concordant with the underlying
tholeiitic suites, and that sub-divisions into several suites may be possible. The top of
1982 Nunatak has been identified as an eruption site for the ‘alkaline basalts’ and
tephra and bombs are abundant at this location. Wager {1947) identified another
eruption site farther east, und as mentioned above, an additional crater was idenlified
during fieldwork in 1995 (Fig. 4c). Most of the ‘alkaline basalts’ have §iO lower than
48 wt% and relatively high contents of Na;O + K0, which tend to correlate posi-
tively with SiQ); (Fig. 7). Although geochemically similar te the ‘lower high-Ti flows’
in many respects, the ‘alkaline basalts’ have higher Na,O + K,0, Nb/Zr and La/Smy
(Figs 7 & 8).

Discussion

New stratigraphic, geochemical and age data from the Prinsen af Wales Bjerge are
used to argue for the formalization of two new formations, the Urbjerget and the
Prinsen af Wales Bjerge Formations, and the stratigraphy of the Blosseville Kyst
basalts is for the first time extended into the Prinsen af Wales Bjerge region by the
recognition of the Milne Land Formation. The presence of 61 Ma [avas in the Urbjer-
get Formation, the oldest onshore Palaeogene lavas identified in East Greenland,
indicates that the Urbjerget Formation is similar in age 1o the coastal Lower Basalts
at Kangerlussuag and supports that the earliest volcanism started almosi simul-
laneously over a widespread arean the North Atlantic. Below we discuss the regional
significance of the existence and geographical extent of the different formations and
relate our new age data to other North Atlantic Palacogene volcanics and discuss the
importance of our data for flood basalt magmatism and plume impact events.

Urbjerget Formation

The ‘old flows’ of 61 Ma at Urbjerget 1 is a well-constrained rock suite overlamn by
sediments, and by lavas that are significantly vounger {57-55 Ma). Ages of the “old
flows™ suggest that their stratigraphical equivalents must be found among the Lower
Basaits of the Kangerlussuaq area (Nielsen ef af. 1981; Fram & Lesher 1997; Hansen
& Nielsen 1999), the Nansen Fjord Formation {at Nansen Fjord, see Fig. 1) and the
lower series of the Faroese basalts {(Larsen er al. 1999) (Fig. 3). Luarsen er af. (1999
showed that the Nansen Fjord Formation and the lower Faroese basalt series have
similar ages and chemical compositions. They both have TiO;/FeO* ratios lower than
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0.25 (Larsen ef al. 1999), whereas the old flows at Urbjerget have TiQO»/FeO* ratios
above 0.25 for Mg-numbers (Mg/(Mg + Fe’*)) close to 55. Such compositions are
recorded in neither the Nansen Fjord Formation, nor the lower Faroese basalt series
(Larsen et al. 1999). Lavas with TiO,/FeO* ratios and Mg-numbers similar to the
Urbjerget ‘old flows™ are present in the Vandfaidsdalen Formation and Mikis
Formation of the Lower Basalts {(Nielsen et af. 1981; Fram & Lesher 1997; Hansen &
Nielsen 1999; T. F. D. Nielsen & C. K. Brooks pers. comm.). Mikis Formation lavas
are typically olivine phync (Fram & Lesher 1997) whereas the old flows at Urbjerget 1
are aphyric. Nb/Zr ratios of the ‘old flows’ are also distinetly different lrom Mikis
Formation lavas but similar to Vandfaldsdalen Formation lavas (Fig. 11}, This inci-
cates that the Mikis Formation is not identical with the ‘old Jows™ al Urbjerget. It is,
however, also difficult to postulate that the “old flows’ at Urbjerget are related to the
same voleanic system as the Vandfaldsdalen Formation lavas, mainly because of
the large distance (¢. 80 km) between the two areas ol exposure. These considerations
lead us to suggest that the lower part of the Urhjerget | succession, L.e. the ‘old flows’
and interbedded sedimentary units, is formalized as a new formalion, the Urbjerget
Formation. Details of the formation definition are listed in Table 4.

Table 4. Urbjerger Formation

General.  Lavas from this and the above formation were deseribed by Wager {1947} as fine-
grained, non-pophyritic tholeiites. He noted that the lavas either directly overly metamorphic
basement. or coarsc arkosic sandstone above the metamorphic complex, and he also
commented on the jrregular surfuce onto which the lavas were erupted.

Name and type profile.  The formation is named after the nunatak Urbjerget in the Prinsen af
Wales Bjerge, and Urbjerget 1 {Fig. 2} is the tvpe profile.

Distribution and thickness. The Urbjerget Formation is present in the area from Urbjerget 1
and southwards to the northernmost part of Nordfjord Gletscher at the head of
Kangerlussuag. The thickness at Urbjerget 1 is ¢, 30 m.

Lithology.  Tn the type profile, a thin cover of fluviatite arkosic sandstone with tree imb casts
and organic lenses overly banded tonalitic gneiss containing amphibolite lenses and massive
feldspar segregations. The sandstone is succeeded by a thin black, lacustrine shale with plant
fossils, followed by a ¢. 30m thick succession of massive, aphyric lava flows which have been
dated to e 61 Ma. Above the lava flows s a volcaniclastic sediment,

Chemical compositions of lava flows. Two Urbjerget Formation flows have major element
compositions fairly similar to the Milne Land Formation tholeiitic basalts higher in
Urbjerget 1, although with low AlLQ; (Table 2). A third flow is refatively TiO;- and FeO*-rich
compared to the Milne Land Formation basalts. Trace element spectra of Urbjerget
Formation flows tend to be slightly steeper from Ti lo Lu than tholeiitic basalt spectra (Fig. 9).

Eruption sites.  Eruption sites have not been identified, but the apparent limited areal extent
and the relatively thin flows of the Urbjerget Formation may indicate eruption sites close to
Urbjerget I.

Boundaries.  The Urbjerget Formation overlies Archaean basement, and is succeeded by the
Milne Laud Formalion, The uppermost part of the Urbjerget Formation is a volcaniclastic
sediment with 3 to 5cm large rounded clasts of voleanic rocks, which is conformably overlain
by oliving-phyric high-Ti flows of the Milne Land Formation.
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The Milne Land Formation in the Prinsen af Wales Bjerge and the
relations to other Milne Land Formation flows

The **Ar/**Ar ages obtained on the lower tholeiitic basalts in Urbjerget 1 indicate
they were extruded simultaneously with early plateau basalt lavas, i.e. Milne Land
Formation flows (Figs 3 & 6; Table 1). Geochemically, Milne LLand Formalion basalts
are quite distinet, They tend to have high 8i0, and lower Ti0-/510- ratios than other
plateau basalts with similar TiO»/FeO*. In Figures 10 and 11 we plotted Milne Land
Formation basalts from the Scoresby Sund, Sortebrie and Nansen Fjord areas with
other plateau basali formations in order to identify Milne Land Formation char-
acteristics and compare them with Prinsen af Wales Bjerge basaltls. Figure 104 shows
that Milne Land Formation basalts generally have lower FeO* than basalts of the
Geikie Plateau Formation. Figures 10b and ¢ show the distinct $iQ- enrichment of
Milne Land Formation relative to Remer Fjord Formation and Skrenterne Forma-
tion basalts with similar Ti(Q-/Fe(Q* ratios. The fact that the "tholeiitic basalts® and
‘high-81 flows’ of Urbjerget 1. Urbjerget 2 and 1982 Nunatak | consistently plot with
Milne Land Formation basalts is convincing evidence that they do belong to the Milne
Land Formation. This is confirmed by trace element variations shown in Figure 11,
where Urbjerget 1, Urbjerget 2 and 1982 Nunatak | “tholeiitic basalts™ and “high-Si
flows™ again plot in the field defined by Milne Land Formation basalts from the
Scoresby Sund. Sortebre area and Nansen Fjord areas. Thus. the geochemical rela-
tions support the contention that the theleiitic basalts and high-5i fiow successions in
the southern Prinsen af Wales Bjerge region are part of the Milne Land Formation.
The ages of the ‘lower high-Ti flows™ of Urbgerget | are indistinguishable from the
overlying Milne Land Formation basalts. This indicates either no interval or only a
short one between the eruption of the two suites and we therefore assign the succes-
sion of ‘lower high-Ti flows’ to the Milne Land Formation.

One characteristic of the Milne Land Formation is the occurrence of a coherent
succession of distinctly Si-enriched flows (Si0- > 53 wtY%), 110m thick at Nansen
Fjord (Larsen er af. 1999). Similar flow successions are present in both Urbjerget |
(at least 55m of high-51 flows) and Urbjerget 2 (¢. 120m of “high-5i flows’) (Fig. 5).
Other plaicau basalt formations of East Greenlund seem to lack such distinet, thick
Si-enriched flow successions, although more limited occurrences of high-Si {lows are
found i, e.g. the Skranterne Formation (E. M. Larsen pers. comm.: Larsen ef af.
1989). The “high-S8i flows™ have high {La/Sm)y. high La/Nb ratios combined wilh
high 8i0- contents (Fig. B). trace element patterns with Nb-Ta troughs (Fig. 9} and
very high *Sr/%Sr (0.709016 at 56 Ma sample 436464, Table 2). This suggests that
crustal contamination took place during the formation of these rocks and trace
elemenl patlerns are consistent with whal is expected [rom contamination with East
Greenland gneisses, most likely of amphibolite facies type (Hansen & Nielsen 1999).
Crustal contamination also provides a reason for the presence of orthopyroxene as
a phenocryst phase in high-S: flows at Urbjerget. An increase in silica activity of a
hasaltic magma duoe to contamination with felsic mels derived from the gneiss
basement will act towards stabilization of orthopyroxene in the final mixing product.
In order for the magmas Lo beeome crustally contaminated, they must have resided
in contact with crustal rocks for a longer peried of time than magmas that were
crupled as uncontaminated (or less contaminated) ‘tholeiitic basalts’. This means
that either the magma supply from the mantle slowed down, and/or that the rate of
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Fig. 10. Major element compositions (in weight %) of Milne Land (MLF), Geikie Plateau
(GPF), Romer Fjord (RFF) and Skrenterne Formation {SF) flows compared with the fower
and upper tholeiitic basalts and high-Si flows of the southern Prinscn at Wales Bjerge. Platcau
basalt formation data are rom the Scoresby Sund area {Larsen et al. 1989) Sortebrae (12LC
database, O. Stecher pers. comm.) and Nansen Fjord (Larsen et of. 199%; L. M. Larsen pers.
comm.). Prinsen af Wales Bjerge data are from this study (Table 2).
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Fig. 11. Trace element compositions of East Grreentand flood basalts from the Scoreshy Sund
and Sortebr® areas compared with the tholelitic basalts, high-58i, lower high-Ti and old flows
of the southern Prinsen af Wales Bjerge. Prinsen atf Walcs Bjerge data are from this study,
others from Larsen et al. (1989), Fram & Lesher (1997), Tegner er af. (19984), Hansen &
Niclsen {1999} plus addivonal unpublished data for Vandfaldsdalen and Mikis Formation
lavas {H. Hansen, T. F. D. Nielsen & C. K. Brooks).

continental rifting episodically decreased. Changes in the rate of continental rifting
are very difficult to assess, but Tegner et al. (19985) concluded that the mantle
potential temperature beneath 1Zast Greenland decreased during formation of Milne
Land and Geikie Platecau Formation lavas. This suggests thal conditions for a
regional decline in mantle magma supply were present and this may explain the
presence and the geographically widespread nature of the *high-Si flow” succession in
the Milne Land Formation.

Some differences do exist between the Milhe Land Formation as exposed in the
Scoresby Sund area, in the coastal flood basalt successions along the Blossevitle Kvst
and in the inland Prinsen al Wales Bjerge successions. For example, Figure 11 shows
that no flows in the Prinsen af Wales Bjerge Milne Land Formation overlap with
the regional suite of Milne Land Formation basalts which have Y/Zr above ¢.{.35
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and {Dy/Yh)y lower than ¢. 1.2, These high-Y/Zr and low-(Dy/Yb)y flows are the
MORB-type flows of Larsen et ¢f. {(1989) and Tegner er af. (19985), and they are most
abundant in coastal sections (Larsen et al. 1999; Nielsen et al. 2001; L. M. Larsen
pers. comm.). Tegner er al. (1998h) suggested that the MORB-type basalts require
shallower depths of mantle melting and longer melting columns within the mantle
than other Milne Land Formation basalts. Another dissimilarity between the inland
and coastal Milne Land Formation successions is the presence of the lower and upper
*high-Ti flows’ in the inland southern Prinsen af Wales Bjerge {e.g. Figs 5 & 7}, and the
absence of similar flows in the rest of the East Greenland flood basalt province. The
high (Dy/Yb)y and CaO/Al,O; ratios of the *high-Ti flows’ (Figs 7 & 8} indicate that
they were formed by higher pressures of melting than other tholeiitic basalts of the
Milne Land Formation (Hansen e/ ¢f. 1998), and they probably also require a unique
combination of mantle source regions. The regional variations within the Milne Land
Formation, i.e. the absence of MORB-type flows and presence of ‘high-Ti flows™ in
the southern Prinsen af Wales Bjerge, can to some extent be explained by greater
proxunity to the locus of break-up of coastal flood basalts relative to Prinsen af Wales
Bierge flood basalls. MORB-type flows were not formed in the immediate vicinity of
the Prinsen af Wales Bjerge because the lithosphere was never thin enough to allow
the shallow mantle melting and long melting columns required to form these magma
types (Tegner ¢¢ al. 19985). On the other hand, magmas that gave rise to the *high-Ti
flows” were favoured under the thicker lithosphere in the inland region. MORB-type
flows did not flow long distances inland from eruption sites in more coastal areas, and
the “high-T flows™ never lowed from their inltand eruption sites to the coastal areas,
possibly due to relatively small flow volumes.

The Milne Land Formation in the Prinsen af Wales Bjerge consisis of alternating
successions of thin, vesicular pahochoe flows (each <c. 1 m), and thick (>¢. 3m) sheet
flows (this work; Hogg er al. 1989). The sheet tlows can be followed over several tens
of kilometres, whereas the pahoehoe successions seem to be a near-vent facies. The
alternation between the different kinds of successions suggests that the location of
eruption sites changed during effusion of the flows. Similar changes in flow morphoil-
ogies are observed in the Milne Land Formation of the Scoresby Sund area (Larsen
el af. 1989} and at Nansen Fjord (Larsen er al. 1999). Small low volumes in the order
of less than 0.3km?® and cyclic trace element varfations in the tholeiitic basalts of the
1982 Nunatak, which we here have shown belong to the Milne Land Formation,
made Hogg et af. (1988, 1989) advocate for the presence of small magma chambers
during their formation. Flow morphologies and regional compositional differences in
the Milne Land Formation throughout central East Greenland strongly supports the
view that small magma chambers were also in action outside the Prinsen af Wales
Bjerge region. A suite of magnesian basalts to picrites is found at the base of the for-
mation at Nansen Fjord (Larsen er «f. 1999) at a position corresponding to the
‘lower high-Ti flow’ suite of Urhjerget 1 (Fig. 5). The geochemical composition of
the Urbjerget ‘high-T: flows’ is very different from the compositions of the Nansen
Fiord suite, but both suites are very Mg-rich. This indicates both the presence of
small magma chambers and that the same elevated mantle temperature (required for
producing high-magnesian basalts} existed over wide arcas. Larsen et af. {1989)
argued for the existance of crustal magma chambers up to 12000 km? and proposed
a sill-like ellipsoid chamber size with dimensions 150 x 30 x 5km at 10-15 km depth.
These dimensions were estimated from the typical 20-60km’ flow volumes in the
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Scoresby Sund region and by assuming 0.5% of the chamber contents were crupted.
Magma chambers of this size have never been imaged by geophysical methods but on
the other hand erupied flows have had much lower volumes during the time
geophysical imaging techmques have been applied. Magma chamber sizes could well
have varied geographically in East Greenland so that larger chambers were present
in the Scoresby Sund region were rifting might have been concentrated at the time of
extrusion of Milne Land Formation flows (Larsen & Watt [983), whereas smaller
chambers resided in the Prinsen af Wales Bjerge region. Alternatively, the intense
rifting and elevated mantie temperatures during flood basall emplacement may have
sustained a high net flux of magma through smaller magma chambers.

Milne Land Formation lavas in gencral are relatively uniform i composition and
distinguishable from other regional plateau basalt formations in East Greenland
{(Figs 10 & 11). This suggests that the mantle source region for the Milne Land
Formation flows was fairly homogeneous. Local compoesitional variations are caused
by mantle melting under variably thick lithosphere, small-scale varigtions m mantle
compositien and mixing in small magma chambers, particularly in the Prinsen af
Wales Bjerge and southern Blosseville Kyst regions. Potential mantle temperatures
were uniform over wide areas, and a decline in mantle potential temperature {Tegner
et al. 1998b) or a decrease in the rate of continental rifting may have favoured
prolonged magma storage in crustal magma chambers leading to the fermation of
“high-5i flows’.

The Prinsen af Wales Bjerge Formation and the ‘missing’ plateau basalts

The ‘alkaline basalls’ in the Prinsen af Wales Bjerge lorm a unit with a well defined
lower boandary to the ‘tholeiitic basalts’ (e.g. Wager 1947; Hogg 1985; Brown e al.
1996), and as shown in Figures 7 9 they are compositionally distinct from other
Prinsen af Wales Bjerge lava flows. The abundance of craters built up by alkaline
basalt’ and the presence of basaltic bombs and tephra in the Prinsen af Wales Bjerge
suggest that the top of the ‘alkaline basalt’ sutte to a large extentl forms the final
upper landsurface of the volcanics. However, at least al one locality, ‘Lindsay Nuna-
tak’, ‘tholeiitic basalts’ are observed overlying alkaline flows (Nielsen er af. 2001).
An ®Ar/*Ar age determination of the uppermost alkaline flows at ‘Lindsay Nuna-
tak' is 52.5x 0.3 Ma, which is identical to the 52.7+ 1.2 Ma age from -altkaline
basalts” in the central Prinsen af Wales Bjerge {age data from Peate er @f. 2000}, This
may suggest that alkaline volcanism was short-lived. An alkaline tuff from the
Gronau West Nunatak ¢. 100 km ENE of the Prinsen af Wales Bjerge was daled by
Heister e af. (2001) te 554+ 0.3 Ma by the **Ar;™Ar method (age reported relative
to the flux monitors menticned in Table 1). The tuff mineralogy indicales a relation
to the alkaline Gardiner melanephelinite-carbonatite volcanic complex ¢. 50 km SW
of the southern Prinsen af Wales Bjerge (Heister ef al. 2001). The tuff age 1s the oldest
recorded for onshore alkaline voleanic preducts in central Eust Greenland and aleng
with the ages from the Prinsen af Wales Bjerge it indicates that alkaline volcanic
activity in this region lasted no more than 2.5Ma. The Gronau West Nunatak alku-
line tuff is found within the Skranterne Formation and this suggests that the late
tholeitic plateau basalls were extruded while alkaline volcanic activity teok place.
In the southern Prinsen af Wales Bjerge, however, there are no certain indications of



PRINSEN AF WALFES BIERGE STRATIGRAPHY 213

the presence of other platean basalt formations than the Milne Land Formation, and
the transition from tholentic to alkaline flows is abrupt. Farther north tholeiitic and
alkaline flows are interbedded in the lower part of the volcanic succession, and the
tholentes seem to be related to plateau basalt formations of Milne Land Formation
age or vounger (Peate er ¢f. in press). The absence of Geikie Plateau., Remer Fjord
and Skranterne Formations in the southern Prinsen af Wales Bjerge might be
explained as a result of local uplift and possibly slight northward kipping initiated
during the late stages of Milne Land Formation flow emplacement. Alternatively,
the absence ol the Geikie Plateau, Remer Fjord and Skrenterne formations in the
southern Prinsen af Wales Bjerge may be due to a more distal location of erup-
tion sites for flows of these formations than of Milne Land Fermation eruption sites,
or that local topography prevented flows of the missing formations to enter the
southern Prinsen af Wales Bjerge.

In accordance with previous authors (e.g. Hogg 1985; Brown es af. 1996) we
suggest that the succession of “alkaline basalts’ in the Prinsen af Wales Bjerge is
considered a separate volcanic formation named Prinsen af Wales Bjerge Formation.
We propose that the geograpbical name of the area (Prinsen af Wales Bicrge) in
which the formation is found rather than the partial English translation used by
Brown ef al. (1996) is included in the formation name. However. the "Prince of Wales
Formation® informally used by Brown er ¢f. (1996) is identical with the Prinsen af
Wales Bjerge Formation. Further details of the Prinsen af Wales Bjerge Formation
are histed in Table 5.

Early Palacogene volcanism in the North Atlantic region

In the North Adantic region, 62 to 59 Ma lavas and rufts have been recovered offshore
from the SE Greenland margin in ODP Leg 152 (Sinton & Duncan 1998; Werner et af.
1998), enshore from the NW British Isles {e.g. Pearson er al. 1996; Chambers & Fitton
2000G) and West Greenland (Storey er af. 1998). Storey ef af. (1996a), Saunders e al.
(1997) and Tegner ef af. (19984) suggested that the almost simultaneous outbreak of
volcanism within widespread areas of the present North Atlantic region at aboul
62 to 61 Ma is the result of either plume impact or a sudden burst of plume activity
in an existing plume. The ¢. 61 Ma Urbjerget Formation flows in the southern Prin-
sen af Wales Bjerge are a manifestation of this early plume activity.

There 15 a considerable age gap from ¢. 61 Ma to . 57 Ma in the lower part of the
Urbjerget 1 succession near 69°N. Offshore SE Greenland at 63°N. ages of ODP Leg
152 Lower Series basaltic flows are 61 62 Ma, whereas Upper Scries flow ages arc
37-58 Ma (Sinton & Duncan 1998). At both locations sedimentary rock units sepa-
rate the old and the young flows. A volcanogenic sediment at Urbjerget | is located 4t
a position corresponding Lo the Om reference level (sediment) in the Nansen Fjord
and the ceal-bearing horizon in the Faroe Islands volcanic succession (Larsen er al.
1999). The two latter sediments both contain partially altered plant remains (Ras-
mussen & Noe-Nygaard 1969, 1970; Larsen ¢f of. 1999), and the presence of vitrinite
in the Urbjerget sediment shows plant remains are also present there. This supports
the idea that a significant hiatus developed during the early volcanic history of flood
basalt deposition in central East Greenland and the Faroc Tslands as the “Ar/*Ar
age data suggests. The volcanic activity along the East Greenland margin from at
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Table 5. Prinsen af Wales Bjerge Formarion

General.  Lavas of this formation were described by Wager (1947), Anwar (1955), Hogg
(1985}, and Brown er af. {(1956): Wager {1947) and Aowar (1953) referred to them as the
Prinsen al Wales Bjerge Basalts, and Hogg (1985) proposed that the succession should be
formalized and given formation status {Prinsen af Wales Formation}. Brown e ¢f. (1996) used
the term Prince of Wales Formation for the hasalts but without actually formalizing the term.

Name and tvpe profife. The formation is named after the nunatak mountain range Prinsen af
Wales Bjerge (Fig. 1}, and the type profile is 1982 Nunatak 1.

Distribution and thickness.  The Prinsen af Wales Bicrge Formation is present from 1982
Nunatak in the south from where it extends north and westwards. At 1982 Nunatak it is

¢. 150m thick. Photogrammetric and ficld studies ai locations north of 1982 Nunatak have
shown that the basalls of the Prinsen al Wales Bjerge Formalion become near-concordant
with the underlying Milne Land Formation (and possibly vounger formations further north},
and that sub-divisions into several suites may be possible. The flows in the formation often
follow the topography in the underlying lavas (Brooks 1979; Hogg 1985; Brooks ef af. 1996}

Lithology. Flows of the Prinsen af Wales Bjerge Formation at 1982 Nunatak [ are variably
dipping and separated from the underiving succession of tholelitic basalt by a discontinuous
red-brown sediment layver. There is no systematic variation of flow types but petrographically
flows vary from aphyric to strongly olivine +clinopyroxene phyric (Hogg 19853, Flows have
been dated to 52.5-52.7 Ma (Peate er ol 2000).

Chemical composition.  The alkaline basalts of the Prinsen af Wales Bjerge Formation have
lower S0 contents and generally steeper trace ¢lement spectra than other flows in the
southern Prinsen al Wales Bjerge (Figs 7 & 9).

Eruption sites.  The top of 1932 Nunatak has been identified as an eruption site for the
Prinsen af Wales Bjerge Formation basalts {onc is shown in Fig. 2 and 4¢), and Wager (1947}
identified an eruption site in the eastern part of Prinsen af Wales Bjerge.

Boundaries. The base of the formation s defined at the unconformily between tholeintic
basalts and alkaline basalis at 1982 Nunatak 1. An upper boundary of the formation oceurs at
‘Lindsay Nunalak’, where it is overlam by polvmict comglomerates of fluviatile origin and
thelentic flows {Nielsen ef ¢f. 201). but in large areas the uppermost part of the formation
constitute the present landsurface.

least 69° to 63°N seems to have declined dramatically in the interval from ¢. 61 Ma to
58 Ma. This pause was succeeded by extrusion of the most voluminous suite of central
East Greenland flood basalts {the platesu basalis in Fig. 3), and ihe Upper Series
flows at the palaco-location of ODP Leg 152, In the British Isles most of the Palaeo-
gene voleanic activity predaies 58 Ma (Saunders e al. 1997 and references therein),
and this is also the case for Palacogene volcanisin in West Greenland (Storev er &l
1998}. The pause in volcamc aclivity possibly reflects the time it took from the first
batch of hot plume material had dispersed beneath the lithosphere and cooled to such
a degrec that volcanic activity at the Earth’s surface was no longer possible till the next
batch of hot plume material arrived and re-activated the volcanism. Later plume
pulses would be more difficult to recognize because the lithosphere thinned progres-
sively with time and therefore enhanced mantie upwelling and associated melt
production, provided a less severe hindrance [or magma passage. and because much of
the more recent volcanic products are now below sea level. In the more recent history
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of the lcelandic plume variations in trace element ratios and isctopes {e.g., chondrite-
normalized La/Sm and Pb-isotopes) of Faroese and Icelandic basalts have been
interpreted as consistent with a blob-like plume behaviour (e.g. Schilling & Noe-
Nygaard 1974; Hanan & Schilling 1997; Hanan ef a/. 2000).

Conclusions

Two new formal volcanic formations are proposed: the Urbjerget Formation and
Prinsen af Wales Bjerge Formation. The Urbjerget Formation consists of intermixed
basaltic lava flows and sediments where flows are ¢. 61 Ma and have chemical char-
acteristics similar to the coastal Vandfaldsdalen Formation flows at Kangerlussuaq.
At Urhjerget 1 a volcanogenic sediment marks the boundary to a succession of signifi-
cantly younger (<57 Ma) tholeiitic fiows that belong to the Milne Land Formation.
The Prinsen af Wales Bjerge Formation consists of mainly alkaline basalts and
overly the Milne Land Formation at the 1982 Nunatak.

The Milne Land Formation is present in the southern Prinsen af Wales Bjerge as
the only formation of regional extent in East Greenland. Flows from ‘missing’ plateau
basalt formations, i.e. Geikie Plateau, Romer Fjord and Skrenterne formations, may
have been prevented Itom enicring the southern Pringen af Wales Bjerge due (o
local uplift of this area, or because eruption sites were located at more distal locations
than Milne Land Formation eruption sites, or local topography could have been an
obstacle. A geographically widespread succession of crustally contaminated high-Si
flows in the Milne Land Formation was probably formed in response to a reduced
magma supply (rom the mantle that favoared magma stalling in crustal chambers, a
process possibly promoted by a continuous lowering of potential mantle tempera-
tures suggested by Tegner et al. (19985) or by a decrease in the rate of rifting. A suite
of tholeiitic high-Ti flows within the Milne Land Formation is unique to the Prinsen
af Wales Bjerge region, and equivalents have not been reported from other flood
basalt provinces. Locul variations in the Milne Land Formation flow compaosilions
can be explained as the result of melling under lithosphere of variable thickness,
small-scale variations in mantle composition and mixing in small magma chambers,

The Urbjerget Formation contains the eldest Palaeogene onshore luva flows dated
in East Greenland, and the Urbjerget 1 succession has equivalents at Nansen Fjord
and in the Faroe Islands. Volcanic rocks with ages of 62 to 58 Ma are found in West
Greenland, the British Tsles and offshore SE Greenland, and have been interpreted as
the result of either piume impact or an early blob arrival in the palaeo-Icelandic
plume (Storey er wl. 1996a; Saunders et al. 1997: Tegner et al. 19984}, The pausc
between the nitial phase of volcanism and the phase started by the deposition of
Milne Land Formation flows in central East Greenland may approximalce the timing
between the phase-out of the first and arrival of the second plume pulse.
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K/Ar and ¥ Ar/* Ar whole-rock dating of zeolite facies
metamorphosed flood basalts: the upper Paleocene
basalts of the Faroe Islands, NE Atlantic
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Abstract: The Paleocene flood basaits of the Faroe Tslands form g central part of
the North Atlantic Tgneous Province, but have proven difficult 1o date because
of very low-grade burial metamorphism in the chabazite-thomsonite to the
faumontite zeolite zone. We present 17 replicated K/Ar and 8 Ar/Ar whole-rock
analyses of basalts from the >3 km thick lower basalt tormation, the age of which
has been debated tor years. Samples are from the massive core of thick. exposcd
Mows, and two boreholes (Vestmannu-T and Lopra-!1). Six samples are drill cut-
tings. Extensive microprobe work and mass balance calculations show that roughly
60% of the potassium of the dated basalts resides in plagioclase, intcrstitial
cryptocrystalline rhvolite and smectitic clay, the rest mainly forming thin rims
of alkall feldspar on plagioclase. Six basalls Tulfil the Totlowing criteria: (1} they
are almost homogeneous in K and Ar {ages on different splits vary by <4 Ma);
{2) the only low-temperailure phase preseni is smectite (saponite & minor inter-
stratified chlorite—smectite); and (3) max. ¢. 6% of lotal K occurs in smectite. This
smectite replaced metastable interstitial glass during early burial and has a trivial
effect on measured ages. The six basalts give mean K/Ar whole-rock ages of
56.5+ [.3 to 58.9+ 1.3 Ma (la), which are interpreted as igncous ages consistent
with mapped palacomagnetic reversals and unpublished Ar/Ar dates. They sug-
gest thal the oldest drilled lavas erupted at 58.8 - 0.5 Ma (1o) in the [ater parl of
magnetochron C26r accumulating at =>2kmMa ', and that the volcanism came
to a slow end at 36.4 = 0.3 Ma in the beginning of ¢hron C24r. The Lower Basalt
Formation is overlain by 10m of coal-bearing sediments and 2km svn-breakup
fuvas, deposited in early C24r (>335 Ma).

The remaining 11 basalts are cither inhomogeneous, carry >10% of the total K
in clay, have Cf8 == saponite or contain traces of zeolites, sccondary quartz, di-
octahedral smectite or celadonite as probable indicators of prolonged alteration,
and they give low or variable K/Ar ages. The Ar/Ar analyses inciude five of these
poor samples plus three of the first group. They give a platean age of 557039 Ma
(1o) for two exposcd flows assigned to chron C25n, but of 60 63 Ma for six drilled
Javas assigned to C26r. We argue thal the later At/Ar ages arce too high due to *Ar
recoil loss out of the sample (0-25%) or refocation during irradiation and should
be ignored.

The Faroe Tslands are situatled in the norihern part of the Faroe Rockall Plateau,
which forms an extensive, elevated area of sea-floor to the north and west of the

From: JoLtey, . W, & BELL, B. R. {eds) The North Adlantic fgneous Province: Stratigraphy, Tectonic,
Volcanic and Magmatic Processes. Geological Society. London. Special Publications, 197, 219-252. (:305-
8719/02/%15.00 & The Geologival Society of London 2002,



220 R. WAAGSTEIN ET AL

British Isles. The area is separated from the Northwest European continental margin
by the Rockall Trough and the Faroe—Shetland Channel. Most of the Faroe—
Rockall Plateau is underlain by thick continental crust. The Plateau is almost
completely covered with basalts which were erupted in connection with the opening
of the NE Atlantic in early Palacogene time. Most basalts were erupted on dry tand
but they are now almost completely submerged (Waagstein 198%; Boldreel & Ander-
sen 1994), and land exposures exist only in the Farce Islands.

The Faroes basaltic succession takes up a central position within the early Tertiary
North Atlantic Igneous Province and represenls one of the thickest and strati-
graphically most complete volcanic sections within the province. Accurate dating of
the Faroes basalts is of major importance in establishing the age and duration of the
North Atlantic flood basalt volcanism and is pertinent to the understanding of the
relationship between volcanism. basin formation and continental rifting processes.

The Faroes flood basalts (Fig. 1) are informally divided into the lower, middle and
upper basalt series or formations (Rasmussen & Noe-Nygaard 1969, 1970 Waag-
stein 1988). They have an exposed thickness of >3 km while an additional 2km
of basalt were sampled in the original Lopra-1 well in 1981 without reaching the
base of the lava pile (Fig. 2; Hald & Waagstein 1984; Waagstein ef af. 1984). The
Lopra well was re-entered in 1996 and extended another 1.4km, but the results of
this new drilling are vet to be published. The lower formation is at least 3 km thick
and is capped by a thin coal-bearing sediment sequence. The basalt succession of the
Faroes has recently been correlated with the basalts in East Greenland which lay less
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Fig. 1. Geological map of the Faroe Islands showing the areal distribution of the three basait
formations and the location of dated basaits. 1, Lopra-1 well; 2, Kirvisko!lur mountain:
3, Hvannadalsa river; 4, south entrance of the Hvalba road tunnel; 5, Vestmanna-1 well,
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Fig. 2. Palacomagnetic chronology. lava stratigraphy and zeolite zones of the Faroe Islands.
The magnetochrons are from Waagstein {1988). The zeolite distribution is from Q. Jargensen
{1984, pers. comm. 2001} and reflects the depth of burial of the lavas. The zeolite zonation for
the southern Faroes is bascd on the Lopra-1 well and nearby mountains (Fig. 1). The partial
preservation of the analcime zone suggests <1 km erosion, i.e. the middle and upper basall
formations must have been thin or absent near the southern end of Suduroy before erosion. In
the northern Sudurov and in the Vestmanna-1 well on Streymoy the lower formation is
overlain by middle formation lavas mineralized in the mesolite and stilbite—heculandite zone,
respectively {O. Jorpensen pers. comm.), which supgests that the lower formation has been
more deeply buried and altered in these areas.

than 100km N of the Faroes before the opening of the NE Atlantic in late Paleocene
(Larsen et af. 1999).

The basalts have undergone very low-grade metamorphism during burial as
evidenced by the vertical distribution of characteristic zeolite minerals deposited in
the porous parts of the lava flows. The zeolites define a number of zeolite zones
ranging by depth from the chabazite- thomsonite to the laumontite zone suggesting
temperatures from <70°C to >110°C (Neuhoff er al. 2000). The spatial distribution
of 7zones indicates that the lower basalt formation has been less deeply buried in the
southern than in the northern part of the Faroes (Fig. 2; Jorgensen 1984; Waagstein
1988; Jargensen pers, comum.).
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Due to the low-temperature alteration, the Faroes basalts have been difficult to
dute, and their age has been the subject of much controversy. Noe-Nygaard {1966)
published two K/Ar ages which suggested a Cretaceous age. Shortly after, Tarling &
Gale {1968) published a detailed palacomagnetic and K/Ar study of the entire
exposed sequence of the Faroes. They showed that all the basalts were reversely
magnetized except for two or three normal intervals within the lower basalt forma-
tion. Thev suspected that many basalts had been affected by argon loss and suggested
a minimum age of 30—60 Ma. The measurements of Tarling & Gale (1968) were later
re-interpreted by Fitch er af. (1978) using K—Ar correlation diagrams. They obtained
an apparent age of about 54 Ma for the Faroes basalts and suggested that this was a
close estimate of the true average age of the volcanismi.

Schoenharting & Abrahamsen {1984) made a detailed palacomagnetic study of the
five existing drillcores of basalt from the lowermost sampled 2 km section of the lower
basalt formation. They showed that the basalts were strongly remagnetized and
suggested that all the cored basalts had solidified in a reverse earth magnetic field,
which they tentatively correlated with magnetochron C24r. Waagstein (1988) refined
the magnetostratigraphy of the exposed part of the lower basalt formation on the basis
of new field work, correlating the upper and middle formations and the topmost part
of the lower formation with C24r, the remaining exposed section of the lower basalts
with the magnetochrons C24r to C20n, and most of the drilled section with C26r.
Morton er af. (1988) likewise assigned the oldest basalts to C26r, but suggested that the
lower basalt volcanism ended in C26n, Lund (1983, 1989) identificd a non-marine
niicreflora of probable late Paleocene age within the coal-bearing sequence on top
of the lower basalt formation and suggesicd a magneto-chronology similar to that of
Waagstein (1988). However, Lund neglected Lthe presence of flows of reverse polarity
beneath the coal-bearing horizon (Tarling & Gale 1968; Abrahamsen er af, 1984), that
were assigned to C24r by Waagstein (1988). Jolley (1997), likewise based on microflora
evidence, instead suggested an early Ypresian age for the coal-bearing sequence, and
Naylor ¢r af. {1999), accepting this age, positioned the coal-bearing sequence slightly
above the base of chron C24r as previously done by Waagstein (1988). Naylor ef @f.
(1999) further suggested (hat the 3km exposed and drilled lower basalt formation
formed in pulses from aboul 63 Lo 55Ma ago during chrons C28n to C24r, whereas
Ritchie et af. (1999) lentatively correlated the same sequence with chrons C27r to C26n
with a few flows al the lop within C25r {about 62 to 57 Ma) implying a long volcanic
pause before the deposition of the Faroes middle and upper basalt formations.

The present paper presents & combined K/Ar and Ar/Ar study ol whole-rock basalt
samples from the >3km thick Faroes Jower basall formation. We have dated
17 basalts with the K/Ar method and in addition eight of these with the ¥ Ari#*Ar
method. Some preliminary results have been presented in a report of limited circu-
lation {Waagstein 1993) and referred to by Naylor e of. (1999, fig. 4) and Ritchie
et af. (1999). We critically evaluate the two techniques of whole-rock dating and
relate our results io the palacomagnetic polarity shifis observed in the lava seguence.

Samples

K/Ar dating of igneous rocks relies on the assumptions (1) that all radiogenic argon
of the magma cscaped during crystallization, and (2) thai the rock afterwards formed
a closed K-Ar system. The crystallization age can then be determined simply from
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the amount of radiogenic " Ar generated from the decay of K (hali-life 1.25 billion
years). While the first assumption is probably fulfilled in extrusive rocks with no
telluric phenocrysts (early crystals formed at elevated pressures), the latter one
cannol be taken for granted. The presence of zeolites and other secondary minerals
shows that the Faroes lavas have been altered by arculating meteoric water during
burial, and both potassium and argon mayv have been mobilized during this pro-
cess. However, porosity and permeability exert a strong control on the distribution
of mafic phyllosilicates and zeolites {Schmidt & Robinson 1997), and in massive
basalt the alteration process often seems to have stopped prematurely, presumably
because of a sharp decrease 1n permeability when the few existing pores and frac-
tures became mingralized.

Table 1. Porassium-bearing phases and secondary minerals in dated basalts

Depth

below Alk. f.

top Plagioclase  from K lnterstial Smectite

LBF ———————— deficit rhyolite ————— Vol % Vol %  Second Date
Sample no. metres Wi Alter. Wi Vol %% Vol% Tvpe celadonite zeolites quartz used
MMTI2;2 50 47 - 1.7 0.5 2 Sap. tr.
VMI1-625.32 —60 47 () 2.1 2 38 sap. %
11-24 -400 43 4.6 3 2 sap.. C/8 %
11-23 450 43 - 5l 2 1.1 sap.
iL-5 -790 47 - 1.3 1 5 Ci5, sap.
RW1981 —810 45 - 33 1 1 sHp. %
L1-0337.5 1260 43 I 4.8 3 7.5 sap. x
L1-0424x 135047 bk in 3 SAp.
L1-08617  —[770 45  ++ 0.7 5 sap., (C/S) tr.
1.1-1142x —0ixEr 44 + 4.4 Inl sap., (non.)
L1-1218.5 - 2140 48 ++ 0.0 0.2 4.6  C/S.sap. 0.5
Li-1266% —2170 44 + e 1 3 sap. X
L1-1490x% —2310 44 ++ 1.2 06 8.6 sap.
L1-1672x 2570 45 I 38 0.3 6 sap., {(Ci8) x
L1-1842x —2750 45 + 30 5 sap.
L1-19224% —2850 44 ++ 3 9 sap. 2 tr.
L1-2177.3 3100 48 FLL =046 B C/S. sap., 1

bii.,
{mon.)

Depth = stratigraphic depth below the top of the Jower basalt [ormation (to mid peint of sampled lava bed).
Wi% plagioclasc=an+ab {rom CIPW norin of whole-rock chemical analysis; alteration of plagioclase is
visually estimated from fresh {—) to rather altered (+++). Point counts are made on samples VM1-62532
{1000 cownts)y, LI1-1218.3 {1000 counts) and L[-1490x {363 counts) using transmutted Light, 200 » magnification
and a 0.6 or 0.3mm grid {(no separate count of plagioclase). Other abundances are visually sstimated. “Alk. f.
from K deficit’ = wi% alkah feldspar caleulated from the difference between K-0 in bulk rock and totai K0 in
plagioclase i chyoelite + sinectite + celadonite + zeolites. The calculations are based on the concentrations in
Table 3, and it is assumed that all components have the same density, that K20 = 5% in rhyvolite and 7% in alkali
feldspar when not measured, and that K20 in plagioclase is calculated rather than directly measured. Based on
microprobe analysis {single identifications in parenthesis) smectite (senso fgro) 1s classified into saponite {sap),
chlorite/simectite mix laver mineral (C/'S), nontronite {non), beidellite (bei) or montmoriilionite {mon). The latter
three are di-octahedral smectites. The presence of minor (= 1%} secondary guartz 1s indicated by tr..

Savygfe Hst. MMI1202: centre of 2nd flow from top of the lower basalt fin.. just east of south entrance of
Hyvaiba road tunael, Suduroy (232m a.sl); ¥MI1-625.32: core [Tom 625.32m depth in the Vestmunma-1 owell,
Streymoy (Waagstein & Hald 1984); 11-3, 11-23 and [[-24: 46 m, 330 m and 355 m a.5.1. in the Hvannadalsa profile,
Suduroy (Rasmussen & Noe-Nygaard 1969; 1970% RWI9SL sample RWI9SI0901-01A from east slope of
Kirviskollur, Sudurey, 150 m above sea level; "L1-": cores and cuttings samples from the Lopra-1 well, Suduroy;
last digits =depth, “=x"=culings (Hald & Waagstein 19584).
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The best chance of finding samples suitable for whole-rock K/Ar dating in very
low-grade metamorphosed flood basalt sequences is therefore in massive lava flows.
In contrast to the Faroes middle and upper formations, which are dominated by
thin-bedded, amygdaloidal compound flows, the lower formation consists of thick
flows with an average thickness of 20m, mostly of simple type with thick, massive
cores. They are also richer in K with an average K,O content of 0.42% (Hald &
Waagstein 1984). The 17 sumples for dating were all taken from the massive cores of
thick flows Irom the lower formation, preferably with a high K content. They were
selected from a much larger collection of basalls used in previous petrographical and
geochemical studies of the lava succession (Hald & Waagstein 1984; Waagstein &
Hald 1984) and were among those considered most suitable for dating based on
mineralogical criteria (Table 1}. One is a core sample from the Vestmanna-1 well
on Streymoy, the remaining ones are all from the scuthern island Suduroy and
include five hand specimens from various outcrops and five cores plus six cuttings
samples (rom the Lopra-1 well {(Figs | & 2). The drill cuttings (¢. | mm} were care-
fully hand picked in order to avoid cavings detached from the wall of the well at
higher levels. The same procedure was used during previcus geochemical studies of
the drilled basalts and these studies suggest that it s possible to hand pick pure
samples of the rock actually drilled (Hald & Waagstein 1984).

Table 2. Chemical composition of basalts, alkadi feldspar and interstitial phases

Sample IL-23 L1-1672x I1-23 0 I1-23 D123 L1-1672x 11-23 Li-1266x II-23 LI-1672x

phasc whole  whaole aik.l.  alkf  alk.f* aiki* rhyolite rhyolite  smectite Smeclite
ek rock erdm. rim titn interstt,  interstit, interstiz, intersut, interstit,

™ [ [ f 1 i K B 5 113} 7

S0, w4843 4784 6463 6633 6622 6443 7621 =283 TEA! 43324+ 1.70 43.63

Til} N RN ] 3408 027 033 058 D:3+019 0od B+ 0.21 D43

At 2534 1272 2REY 1947 ¥T23 1275 1145 ¢ 206 1087 336 L0377 650

Fe:0, S44  6.14

Fe(y 10,26 340 047 03e 2401 663 129128 144 25452085 2571

Mndd 0,22 023 010 00 000 008 H.04 006 006 006+ 009 006

Mg) 5.51 370 .08 (.19 1.35 G.My 40124 144 Ian ] 116 5149

Ca( G898 1053 268 047 042 083 251 =014 0.5% 199+0.7% 2466

Na-0 230 2.68 720 520 296 3322 AU+ 073 185 025+0.05 043

K0 N6t 048 4.1 236 981 374 3463+£1.53 5371 Das+nsl 089

P-0; 0.4l 030 013+015 0404 007 +£40.02

L.od. 0.8 LT

Taotal 10036 100,22 100,27 100.28 9948 9561 GR.03 90 G5 019 83.50

an, mol % 130 X4 24 6.5

aby 628 474 307 433

or M2 32 apd 2

alk f., alkali feldspar (¥, slightly contammnated); grdm., groundimass; inteestit., terstitial; N, number of
anmalyses; 1, 1; Lo, loss on ignition {corrected for oxidation of iron); an, anorthite; ab, albite; or, orthoclase.

Analyses of minerals and interstitial thyolite were performed with an cnergy dispersive equapmen! {rom TINK-
SYSTEMS mounted on a Jeol 733 superprobe at the Geological Institute, University of Copenhagen. A number
of standard menerals were analysed at least twice a day w check the stabality of the system. Minor corrections for
instrumental drift were luter applied using the results on the standard minerals. The spol diameter was about
0.001 mm and the counting time 1)( seconds. The specimen was asually moved continueusly or in small steps
during analysis of smectite or other water-bearing minerals (Tabie 1), This was done in order to avoid any
selective lass of sodimm although experiments suggested that this was probably an unnecessary precaution cxoept
in the case of some zeolites. Whole-rack anailyses are from Hald & Waagstein (1984).
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Petrography and mineralogy of the basalts

A detailed study of the petrography and mineralogy of the basalts, including more
than 400 electron microprobe analyses, has been conducted in order to map the distri-
bution of potassium in the primary and secondary mineral phases (Waagstein 1995).
The basalts are iron—titanium-rich tholeiites (Table 2) mainly composed of plagio-
clase, clinopyroxene and iron-titanium oxides. Minor olivine was originally present
in most, if not all, basalts but 1s now completely replaced by clay or other secondary
minerals. The basalts may contain up te 10% phenocrysts or microphenocrysts of
plagicclase and smaller amounts of phenocrysts or microphenocrysts ol altered
olivine and pyroxene. However, most of the basalts are macroscopically aphyric.

The plagioclase is generally clear and fresh-looking in the basalts from the upper
part of the formation, but becomes increasingly clouded wilh microscopic inclusions
and tiny fracture fillings downwards in the Lopra well (Table 1), The inclusions and
fracture fillings are much too small to be analysed and form an insignificant part
of the host plagioclase. The plagioclase has an anorthite content of Angg (sample
L1-2177.3) to Ansg in the centre of phenocrysts or microphenocrvsts and ol Angs_sg
in the groundmass (Fig. 3). The anorthite content often decreases sharply at the
margin of the plagioclase crystals.

Alkali feldspar (orms thin rims on the groundmass plagioclase or occurs inter-
stitally in the groundmass, but is rarely sufficiently large to identify with the
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Fig. 3. Wt% K,0 v. anorthite content in plagioclase from basalt lavas in the Faroes lower
basalt formation (same samples 4s in Table 3% All data points with % An > 80 are wave
dispersive microprobe analyses, while most points with % An < 80 are by energy dispersion,
A linear regression best fit line is shown for groundmass plagioclase with An =40 and is used
in Table 3 for adjustment of measured mean K contents of plagioclase relative (o the
normative anorthite content of the bulk rock.
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microscope. The alkali feldspar has been analysed with the migcroprobe in four
samples (Tables 2 & 3).

The basalts contain up to about 3% of cryptocrystalline rhyolite, which occurs
mterstitially between the main groundmass minerals and has crystallized [rom highly
fractionated residual melt during the final stage of solidification of the lava. The
rhyolite may be identified under the microscope by a distinctly reddish or brownish
tint, a turbid appearance and a relatively low refractive index (Fig. 4). The individual
crystals are generally too small to be analysed with the microprobe {(spatial resolu-
tion 0.001 mm). Only in 4 few cases have pure or almost pure compositions of alkali
feldspar {Oras_g5) and quartz been obtained, and the remaining analvses represent
various combinations of feldspar and quartz, commonly together with some apatite.
Fe-Ti-oxides and Fe-Mg silicates. Average bulk compositions of this rhyolite are
close to the minimum melt composition of gramte, but the scatler among individusl

Fig. 4. Microphotograph of thin section of basalt Tava RW19E1 in transmitted tght. In the
upper part of the picture dark, translucent smectite (Sm) torms small interstitial areas partly
overlapping groundmass clinopyroxene (Cpx) and plapgioctase (Pt} In the lower part, a thin
wedge of turbid, holocrystalline, interstitial rhyolite (Rh) occurs within the plane of section
surrounding and partly overlapping a groundmass grain of clear plagioclase.
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spol analyses and totals near 100% suggest that the material is completely crystal-
line, not glass {Tabhle 2).

The basalts contain belween about 1 and 11% smectitic clay (Table 13, which
mainly occurs interstitially in the groundmass, bul also forms vesicle fillings (amyg-
dales} and replaces olivine and, more rarely, plagioclase. The clay is usually brownish
or vellowish and optically slightly anisotropic or alinost isotropic. Most of the inter-
stitial smectite has probably formed by low-temperature alieration of primary
interstitial glass, but some seems Lo fill in former interstitial voids. The smectile has
been analysed with the microprobe in all dated samples and varies in chencal
formula. Most smeciite has the composition of saponite, mainly of won-rich tvpe
with Fe/{Fe 4+ Mg) =50 {Table 2), but in six samples some smectile is interstrati-
fied chlorite/smectite (C/8) with 10-73% chlorite in the formula, and this clay is
probably the dominant one in samples L1-2177.3, TI-5 and L1-1218.5, Dioctahedral
smectites (Y’ < 4.8 for O =22) including nontronite, beidellite and Fe—montmor-
illionite are rare (Table 1). The clay mineralogy seems independent of textural set-
tings although there is a tendency for the smectite that replaces olivine to be more
rich in magnesium than interstitial smectite. Other secondary minerals are quartz.
zeolites and celadonite which all seem to post-date the smectite. Minor secondary
quarlz (<1%) occurs in amygdales or replacing oliving in three samples, zeolites
{0.5-1%) occur in two samples and celadonite {2%) in one (Table 1). The celadon-
ite is vivid green und contains about 9% K-O while cne of the zeolite minerals
in sample L1-2177.3 contains 4-8% K-0O. No attempt has been made (o identify
zeolites by species.

The modal composition of the basalts is shown in stratigraphic order in Figure 5
using estimated mineral abundances in Table 1. Feldspar and Fe-Ti oxide abundances
are from the CIPW norm. Figure 6 shows what fraction of the total K-O occurs in
each rock component, based on the abundances in Figure 5 and the compositions
in Table 3. Plagioclase on average contributes about 40%, smectite 10% and rhyolite
8% of the totul K,O of the basalts. This leaves 40% of the K2O unaccounted for. The
residual K-O has tentatively been assigned to alkali feldspar (Or > An) which forms
thin rims on groundmass plagioclase and solitary grains, The calculaled amount of
alkali feldspar makes up 0-3% of the rock {Table 1) and appears primarily to be a
function of the total K;0 of the basalt. An overgrowth of alkali feldspar extending the
dimensions of the groundmass plagioclase by a mere 1% would centribute almost
1.5% alkali feldspar to the rock. As most groundmass plagioclase is <0.2mm long
such thin overgrowths would be almost impossible to distinguish optically from sodic
plagioclase and they will usually also be too thin for microprobe analysis.

K/Ar dating
Analytical details

Individual K/Ar ages were obtained on up to three different splits of the original
sample in order to check sample homogeneity. All results are shown in Table 4 where
the various splits are identified with a suffix ‘A°, ‘B’ or *C’ related to the time of
shipment and analysis. The cores and hand specimens were cut into few-millimetre
thick plates by using a diamond saw and any weathering crusts or visible amygdales
were carcliully removed. The various subsamples were usually taken [rom different
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Modal composition
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L1-0337.5
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L1-0861.7
L1-1142x
L1-1218.5
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L1-1490x
L1-1672x
L1-1842x
L1-1932.9
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Fig. 5. Modal composition of dated basalls. Abundances of K bearing minerals are from
Table 1. Fe-Ti oxides arc wt% ilmenite plus magnetite from the CIPW norm assuming Fe-Q5;
FeO =0.15. Pyroxene is taken o make up the rest of the weight of the rock ignoring minor
clivine {usually completely altered to smeclite) and apatite.

plates. The spacing of subsamples is estimated to be of the order of 1-10cm. All
cuttings subsamples originate from the same cannister of washed and dried cuttings.
However, splits "A" and ‘B’ are {rom the same hand picked portion of the sample.
while split “C* was hand picked at a later date. The samples were crushed and sieved
and the +90 to —60 or the +90 to —30 size fraction (about 0.17- .25 mm or 0.17-
0.50 mm) was used for both potassium and argon determinations aller the removal
of all dust by washing. Individual argon determinations were made from 1.0- 3.5g of
this size fraction without further crushing. The analvtical procedures have been
described clsewhere (Rex 1994).

Potassium was determined with an EEL flame photometer in three separate dis-
solutions of fine rock powder {0.08 g each). The powder was made from the same



Ki/AT AND AriAr DATING, FAROE [SLANDS 229

K,QO distribution in basalts
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Fig. 6. Distribution of K»O in dated basalts. The contribution of K50 from individual mineral
phases is computed from eslimated abundances in Table | and average K,O contents in
Table 3. Mean KO in groundmass plagioclase has been adrustcd as cxplained in Table 3. All
p]dglOleSC is considered part of the groundmass ignoring the lower K20 of plagioclase
phenocrysis (<10%). Interstitial rhyolite {mainly quartz +alkali feldspar) is assumed 1o
contain 5% K.0Q when not analyscd. Minor smectite replacing olivine and filling vesicles is
very similar to interstitial smeclite in composition and the K»O of interstitial smectite has been
nsed for all smectite. “Alkali feldspar” is a hypothetical feldspar phase with 7% KO which
may acceunt for the rest of the K content of the rock after the contribution from plagiocluse,
interstitial rhyolile, smectite, celadonite and zeolites has been subtracted. Whole-rock K20 is
the mean of 1-3 XRF analyses made at the geochemical lab of the Geological Survey of
Denmark and Greenland (except K,O in VM1-625.32 and MM11202 which are from the
present K/Ar analyses).

size fraction that was analysed for Ar. The mean K has an analytical precision of 1%
{1o level) as estimated from individual readings (not shown). The radiogenic argon
(**Ar*) determinations were made in duplicate on 15 subsamples (Table 4) from
which the precision of single determinations may be estimated at 2.7%. The combined
error on individual age results is therefore roughly £2.9% or £1.7Ma (1),
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Table 3. Mean wi% K>Q in rocks and potassivm-bearing minerals

Whole Groundmuss plagioclase Alkali Interstitiai Interstitial smectite
rock fieldspar rhvolite Measured
Measured Calevlated Measured Measured

Sample no. Ko0O An K.O An  K.O K.O K0 K. Ca'K
MMI1202 0329 593 0.25(1) 60.7 0.21 3230972 041100014 522
VMI-62532 0,487 461 045+£0.16(9) 495 039 540076 (8) 0681019 (5 430
11-24 0.650 494 (28+0.13 (3r 466 0.32 746 (11 499156 (8 109028 (5) 125
11-23 0.640 444 059063 (13 485 049 6091363 {4 565+ 153 (%) G96+0.71(9) 208
11-5 0,320 n.a. na 523038 na, B3 1 0.5646) 414
RWI98] 0,430 na na 48.7 036 n.a. IS L0OR(GY 5.4
LI0337.5  08R7 470 048 £0.13 (9 423 060 6791229012 454+£135(7) 034+£0.1011(5) 481
LI-0424x 0395 na. ma 527 030 1.00£ 0.3 (3 23]
L1-0861.7 0.237 a6 (331021 (11) 524 0.30 11940034y 1.92
L1-1142x .39 555 027 L0107y 491 036 N98+ {069 235
LI-12185 (U173 532 D28+008(7y 520 030 m.a. 0.66£0.20(3) 341
L1-1266x 0465 na. na 03 033 SEEH LA (5) 072 1005( 365
L1-1490x 0425 515 0384012{5) 486 043 A 0RG=072 (7Y 299
Li-1672x 0485 562 026015 {10) 469 040 6.55{I 5344+199{2) DAR=DN14(Ty 529
L1-1842x 0380 438 043 (1) 513 032 D401 695
L1-1922.9 0600 480 0383+£0.16{% 320 032 047 =010 (5 735
L12177.3 0 0073 528 0324025(9) 594 024 0.5004 0.4 (1) 9.70

All crrors are guoted at [o lovel (number of analyses in parenthesisk na, not analysed; * conlaminaled.

An =mal % anorthite = 100%Ca/{Ca + Na).

Calculated An=molar 100*an/(an + ab} from whole-rock CIPW norm. No whole-rock anaiysis exists for
MML1202 and % An is from another sample of the sume flow.

For N Ed 3 calculated K_‘O Texp[ln{.KZ'J‘--)-:ne'.\.::lr:d;f ﬂ-U'd'ﬁ*{.Anc;\lculcllcd - Anm:.uu:cd}]-

For N < 3 caleulated K0 =3.18%cxp[- 0.045% A0 vl

Ka(d is analysed by microprobe using energy dispersion (Table 1) or wave dispersion {plagiociase in
L1-2177.3). Whaole-rock K2( concentrations are based on 1-3 XRF analyses made at the former Geological
Survey of Greenland {Hald & Wasgstein 1984, Waagstein & Hald 1984 and unpublished), cecept WM 162533
and MMI1202, which arc from present K/Ar dates (Table 4),

Celadonite in 1.1-1922.9: 9.35 | 0.538% K0 (N 3); zeolites in L1-1218.5: (114 -L 0.1 1% KO (N = 9); zeolites
in LI-2177.3: 218 £ 2.44% KO (N=18).

Sample inhomogeneity

Neurly all samples have been dated two or more times in order to study the problems
associated with sample inhomogencity and redistribution of K and Ar.

The potassium determinations obtained by flame photometry on 32 subsamples or
splits (Table 4) have been compared with the mean of 1 -3 XRF (X-ray fluorescence)
determinations obtained from major element analysis of the original batch of rock
powder used for rock chemistry (Table 3). Linear regression analysis shows no
systematic differences between the two analytical methods and suggests that the size
fraction used for dating and the part of the sample removed by sieving and washing
were similar in pofassium content. The only exception is the flame photometric
measurement of K in core sample L1-1922.9 which is only 90% of the XRF value,
possibly indicating a lower content of green celadonite in the piece of core used for
dating (Fig. 6).

Figure 7 is a logarithmic plot of the relative standard deviation on ages v. the devia-
tion on K based on replicate dates of individual samples and outcrops from the
Faroes. The replicate dates are from 14 samples from the lower basait formation
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Sample Split  Labno. K “Art (STP) M are DMuplicate ages Weighted age
number aof splits
Wt% %o 10 Tom % Vol% Ma lo Ma o
MMI11202 A 3378 n273 524 374 4474 1.9
MMI1Z02 B 3659 0.273 534 307 406210
Mean of splits (1,273 = 0.0 5.29=13 37 491414
YMMI1-62532 A h.39] 250 1l 55128
Vh1-62532 R 3095 0384 B.63 354 569=14
Mean af splits (48 = 1.3 43711 42.3 56.5 = 1.3*
I1-24 A 33a7 23513 12.11 55.0 LA )
11-24 B 37322 (1538 1213 392 P14 L3
m-24 B 3751 - 11.94 6.2 562 L1.4 T
I1-24 C 3508 0.54G 11.53 353 Mitld
11-24 C 3874 - 12.00 494 WwILLT 550=1.1
Mean of splits RN L3S 197424 5540 57,07+ 1,7%
I1-23 A 3398 0544 1382 &0.7 64214
I1.23 B 3733 .550 12.93 50.3 595+ 1.7
11-23 C 3807 554 1268 710 78+£1.0
m-23 C RT3 - 12.69 Q3. 50412 ST9408
Mean of splits 0.5459+£0.9 15+ 43 S9.4 AF - 23
I1-3 A 33045 0267 518 158 4924472
II-5 B 3710 0.266 343 18.2 51840
Mean of splits $.267=03  5.31+33 770 50.6= 2.9
RWI4981 A 3377 1360 791 57.5 35T7L13
RWIi981 A 3325 - 7.70 424 Metle 553=1.1
RWI1251 B 3735 0414 9.64 418 SROe+2]
Mean of splits 387 =99 S8 F4=140 439 7.0~ 2.5%
1.1-0337.5 A 2882 0.724 17.27 307 60323
L1-0337.5 B Bl [1.740 16.92 9.7 379113
L1-0337.3 B 3750 1695 XA JEO0L14 579=10
Mean of splifs 732 =15 7l=14 49.1 383 =0.9*
L1-0424x A 3413 0.306 T7.43 47.4 614419
L1-0424x 3 3680 0.299 7.64 554 6dotla 63.3=1.2
1.1-0424x C 3827 0.300 7.0 361 6.7+ 2.5
L1-0424x C 3E62 7.38 7.7 622115 AlE-1.3
Mean of sphits 4301z 74120 49.2 628409
L1-0861.7 A 2883 N2l 4,52 179 4343
L1-0861.7 B 3736 0.201 4.1% 7. 52883
Mean of splits 2 - 34 43654 128 REREE= )
L1-1142x A a7 14491 13.27 LR 31436
LI-§142% B 3681 0.503 11.23 9.6 S83+40 iLan
1.1-1142x C L) 0,500 HLaT 437 M0t LE
L1-1142% [ ELY ¥ - 1098 (X 356+1.3 511
Mean of splits W40 i 4 fhid+ 3] 36.9 354+ 10
1-1218.5 A 2884 0,144 331 16.7 6347
L1-1218.5 C 3815 0133 378 G5 R
L1-1218.5 Z 3863 - 3.92 8.1 T06r 110 T1.24+7.0
Mean of splity G147+ 80 EREE 4" 28 a3.8+ 10
L1-1266x A 3441 10,406 .50 54.1 2+1.6
L1-1266% B 3682 0.400 @11 ] 577113 B3+l
L1-1266x C 3849 - .10 674 575411
Mean of splits G403 17 I+ 20 a6t J70+0.8%
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Sample Split  Labno K HAr* (STP} WAt Diplicate ages  Weighted age
numbsar af splits
Wi%% %o W07 ew' %o Vol% Ma lo Ma o
L1-1490x A 3008 0.342 843 44.0 a23x 21
L1-14%0x C IR 0338 .05 583 573+ 1.4
1.1-1490% < JRA8 - 7.47 344 sed)L2.4 FO0+1.2
Mean of splics T340 =05 B £79 432 S9.74 3%
L1-1672% A 3004 1421 Q.84 389 32+23
L1-1672x B 1693 0,405 9.59 703 hER =R I WEL IO
1.1-1672y C AR 1.405 9.22 84,7 Moexl.2
Mean af splits 40y = 2.4 947 3.9 397 58913
L1-1842% A 3442 .29 729 1.3 GiR+15
L1-1842% B 3694 0.288 573 di.11 WI+19 a0+ 1.2
L1-1842% C 3831 0.294 6.21 32.6 533+ 19
Li1-1842x [ IRat 625 4901 3304106 337412
Mean of splits 28+ 13 G682+ 0.3 Ei R
Li1-152249 A IBR3 448 % 66 423 421
L1-21773 A 2885 0,163 238 19.7 e

Samples are wdentified in footnete of Table 1.

Split =split number of original rock or cuttings sample according to time of shipment for analysis, Cuttings
sumipies {identtfied with an “x”) from splits A and B are from the same hand picking and the results are treated as
Juplicates.

A0~ em® STP =volume of radiogenic Ar at standard temperature and pressure,

Vol % "Ar*  vol.% radiogenic ¥ At of total volume of “Ar.

For K and Ar the mean and relative std. dev. (%) of splits are calculated by giving the same weight to all
splits. Duplicate age determunations of splits are averaged aceording thelr assigned 1o errors by weighting then
inversely by variance, The age of individual splits are similarly weighted 1o obtain an average age of the sample in
the last column shown in jralics (counting duplicates once only). Those considered to represent magmatic
crystallization ages are shown in hold and marked *** (see text). For five sumples probubility ts < 13% that the
varation of age 15 solely due to analytical errors (Ludwig 2000), For these samples all splits are weighted equally
in the calculation of the mean age and standard error on mean (marked with 7).

(Table 4}, two hand specimens from the middle formation {unpublished) and five lava
flows from the lower, middle and upper formations {Tarling & Gale 1968).
The latter dates were performed on sets of 2—5 mini-cores drilled from the mas-
sive part of the flows, usually from an area <1 metre across. Estimated analvtical
errors are shown at the 2c level by stippled lines and mean dates with ¢ > 2% on K
or o > 5.8% on age are considered to reflect an inhomogeneous sample {cuttings,
solid rock or outcrop). The calculated errors only give a rough estimate of sample
inhomogeneity as most of the mean ages are only based on 2 3 subsamples and none
on more than six subsamples. However, the inhomogeneous samples seem to fall on
two trends: one of almosl constant ages implying co-variation of K and **Ar* and
another one of variable ages implying decoupling of K and **Ar*. The former trend
only shows a small increase in the variation ol ages with the variation of K and this
increase reflects the error associated with the dating method itself, that is that K and
Ar are determined on different aliquots of material. The dates may thus be improved
by repeating them. The latter trend, on the other hand, suggests a disturbance of the
K Ar system by redistribution of Ar andjor K, and the dates lying on this trend
must be considered unreliable.
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The K replicates show a standard deviation of max. 10% for the lower forma-
tion, but as much as 60% for the middle formation. In both formations the within-
sample variation is of similar magnitude as the variation observed between different
samples from small outcrops and this suggests that a major part of the variation of K
in massive (non-vesicular) lava occurs within a distance of a few centimetres or less.
The variation in K (and “*Ar*) likely reflects variations in the abundance of alkali
feldspar, interstitial rhyolite and secondary minerals replacing interstitial glass and
suggests that displacements of residual melt is often taking place at ile centimetre-
scale during the solidification of lava. This is supported by microscopic observa-
tions which show that interstitial material is often irregularly distributed within a thin
section. However. residual mell may also migrate over longer distances to form
thin horizontal sheets as may be seen in outcrops, especially in the thin Aow-units of
the Faroes middle basalt formation.

Three cuttings samples secm (o be ihomogeneous in either Ar or K. As each split
consists of perhaps 500 cuttings the variations are difficult to explain alone by sample
taking but suggest differences in the way cuttings were selected during hand picking.

100 : r T U_I_l"l Ll L] T Trrrery ll T L] Tt :
1 K/Ar dated basalts 4o ]
-1 P‘ 5‘] *
1 from the Faroes o P e
o | oot ]
% 1842 1218 MM 15526
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T----—rae RW1981  closed? ]
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0.1 v Qutcrop (Tarting & Gale 1968)
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Fig. 7. Percent standard deviation of K and *'Ar* in sumples and outcrops calculated from
K/Ar analyses of (1) different hand pickings of drill cutlings from the same depth, (2) different
subsamples taken from the same hand or core specimen, and (3) different plugs (mini-cores)
drilled from the same outcrop. Subsamples are taken < 10em and plugs presumably <100 cm
apart. The plugs are from all three basalt formations and arc analysed by Tarling & Gale
(1968). Samples VM1-40 and MMI15526 are from the middle formation (unpublished). The
remaining samples are from the present study (Table 4). Lepra well samples are identified by
depths. The analytical precision is about 1% relative on K and 2.6% on **Ar*, and double
that deviation (stippled lines) suggests sample inhomogeneity. Double arrows are trends
suggesting open and possibly closed K/Ar systems, respectively.
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Unfortunately, the problem of sample inhomogeneity has been 1gnored in most
KiAr studics of basalts.

KiAr ages

An apparent age has been calculated for each Ar determination, resulting in between
two and lour ages wilh associated error estimates for all but two samples (Table 4).
Duplicate determinations ol the same subsample ol sohd rock, or the same hand
picking of cuttings, have then been converted into a mean age for the subsample by
weighting them inversely by varlance. Finully, the age of the total sample has been
calculated by a similar weighting of subsample ages. or, where the scatter 15 too
large to be explained solely by analyucal errors. by simple averaging (see footnote of
Table 4).

In Figure &, the 15 mean K/Ar ages and two single dates are shown versus the
Mraction of potassium occurring in interstitial clay, The range of subsample ages is
shown by vertical bars. The scatter of ages (38-64 Ma) shows that the K-Ar system
in many basalts has been affected by alteration, and mn order to idennfy poor dates
the samples have been divided 1 three groups according to the complexity of
alteration. All basalts contamn saponite clay £ clay of chlorite smectite mixed laver
type (C/S).

Seven basalts (open circles) contain small amounts (max. 2%) of one or more addi-
tional low-temperature minerals and/or have C;/S as the dominant clay phase. The
additional minerals include quartz, zeolites. celadonite and di-octahedral smectite
(nontronite, beidellite, montmorillionite). According to Neuhoff e7 af. (1999} cela-
donite and silica may form befere burial and thus predate saponite. However, in the
above massive basalts saponite always seems to be the first formed low-temperature
mineral. The presence of additional low-temperature phases is therefore an indica-
tion of prolonged alteration. The same is the presence of abundant C/S {Neuhotf
et al. 1999). The basalts give low or variable ages which suggest that they have
suffered Ar loss or redistribution of K and Ar, even though several of them are quite
tresh-looking.

Four other basalts {circled dots) with saponite and minor C;/S as the only low-
temperature phases are also likely Lo give poor ages. Two ol these (Nos. TT1-23 and
L1-1842x} give 6 -8 million years difference between dilferent splits. This is beyond
analytical errors and suggests thal K and Ar have been mobilized. The inhomogeneity
itself results in a low precision on age, and. if part of the mobilization cccurred at a
late date, it might have atfected the average age of the sample significantly. Two other
basalts (Nos. L1-0424x, L1-1490x} have as much as 13-18% of their potassium
inventory in interstitial clay, which means that any late process affecting the clay
phase may have had a measurable effect on the whole-rock age.

The remaining six basalts (filled circles) all show <4 Ma difference berween
different splits and contain <. 6% ol their polassium inventory in intersiitial
saponite £ minor C/S, which are the only low-temperature minerals present. The
small amount of clay in these basalis is of little concern. The clay formed mainly
from interstitial glass, which is metastable and almost certainly completely replaced
during curly burial (NeubolT ¢7 2l 1999), ie. before the cessation of the Faroes
volcanism. The clay contaims much less K than the former glass and, while glass may
be dilTusive to K and Ar, especially when hydrated, most clay minerals are quite
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Fig. 8. Whole-rock mean K/Ar dates {Ma} versus the percentage of total K of the rock
ocewrring in clay. Closed circles, homogeneous basalt with <10% of total K in saponite =
minor C/S. [Jates are interpreted as magmatic crystallization ages; Circled dots, basalt with
=10% of total K in saponite+ minor C/S or with subsample dates differing =4 Ma; Open
circles, basalt with complex alterations, i.c. containing saponite £ C/8 plus trace amounts of
reolites and/or secondary guartz andfor di-octahedral smectite undjor celadonite. Vertical
error bars, total range of subsample dates {Table 4).

reientive of both K and Ar. Besides, in ncarly massive basalt lavas like those selected
for dating, the formation of clay would tend to impede further alterations by
completely filling the few vesicles and fractures present. The ages of the six basalts
must therefore refiect their magmatic crystallization ages. This interpretation is
supported by the ages themselves which vary only from 56.5+ 1.3 to 58.9+ 1.3 Ma
(1) and roughly increase with depth (Table 4).

All KjAr mean ages between 50 to 70 Ma arc shown versus stratigraphic depth in
Figure 9 using the same circular symbols as in Figure 8§ with 1< error bars and with
sample number added. Waagstein (1988) suggested that the two normal magnetic
polarity intervals within the cxposed part of the lava sequence in Suduroy should be
correlated with magnetochrons C25n and C26n, and on the basis of the geomag-
netic time-scale he postulated that the duration of the repose periods between the
extrusions of individual lava flows became gradually longer towards the top of the
Lower Formation. This was suggested by an upward increase of tuffaceous sedi-
ments containing minor coal. Using the revised time-scale of Cande & Kent (1993),
the ages assigned to the top and bottom of chrons C25n and C26n have been plotted
v. stratigraphic depth in Figure 9. The four ages obtained in this way fit almost
perfectly a logarithmic curve (thick dashed curve).

A similar logarithmic curve has been fitted to the six accepted KjAr ages (filled
circles) and is shown by a thick full curve in Figure 9. The K/Ar age-depth curve
coincides within errors with the palacomagnetic curve. It is also concordant with
an age of 56-59Mu quoted by Larsen et al. {1999) for the Farces lower forma-
tion based on three unpublished Ar/Ar plateau ages of bulk plagioclase and with
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an unpublished whole-rock plateau age from the recent deepening of the Lopra weil
(R. Duncan pers. comm., 2001). This gives further support to the interpretation of
the least altered basalts as true geological ages. An extrapolation of the K/Ar curve
to the bottom of the Lopra drill hole, i.e. 3100 m below the top of the lower basalt
formation, gives an age of 58.8+0.5Ma (Ig). The same curve gives an age of
56.4 + 0.5 Ma for the top of the lower basalt formation. This is close to the accepted
age of the C24r C24n reversal of 55.9Ma (Cande & Kent 1995) that occurs a few
flows lower down. However, accepting the reversal chronology, a better estimate
can probably be obtained from the palaeomagnetic curve, which give an age of
35.8 £0.1 Ma {leo) for the top of the lower formation {Fig. 9).
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Fig. 9. Age of the Faroes lower basalt formation. K{Ar dates are classified on basis of mineral-
ogical criteria as in Figure 8 using the same circular symbols (error bars, 1 standard error on
ntean). Thick [ull curve, logarithmic curve fitted to K/Ar dates interpreted as magmatic
crystallization ages (filled circles); Open boxes, ArfAr plateau ages of basail (box width, 1 stun-
dard deviation). Thick dashed curve, logarithmic fit assuming that normal polarity intervals
arc 25n and 26n; Thin dashed curve, broken line fit assuming that normal polarity intervals are
26m and 27n; 1o errors: 0.5 Ma for upper sample, 0.1 Ma for two lower samples (M. Storey,
unpablished}. Magnetic polarity zonation at left is from Waapgstein (1988). Magnelic timescale
at the bottom of the diagram is from Cande & Kent {19935). Preferred ages at the top and base
of the 3.1 km section are shown in Ma with 1 standard errors (see text).
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Ar/Ar dating
0 4r-3 Ar analytical details

Eight samples were analysed for Ar/Ar ages on a portion of the same sieved material
as that used for the last batch of K/Ar ages, i.e. split ‘B’ or *C’. The analytical details
are described in Rex er al. (1993}, The samples were irradiated at the Petten facility in
the Netherlands in three different batches using a fast neutron dose of approximately
5 x 10 neutron/em? monitered by the inclusion ol aliquots ol hornblende standards
FY12a, HB3gr and MMHb-1, using the ages quoted in Roddick (1983). The Petten 2
irradiation was monitored by 10 FY12a and 12 HB3gr, Petten 3 by 10 FY 12z and
10 Hb3gr, and Petten 5 by 10 FY12a, 6 Hb3gr and 5 MMHb-1. Cd shielding was
applied during the fast irradiation. When calculating the neutron flux (J) for each
standard position we use the **Ar¥/*K ratios quoted in Roddick (1983) to provide
interlaboratory comparison. The large number of standards spaced along the
canister allowed calibration of flux to 0.5-1% {ic}. Errors quoted on the integrated
ages take account of this uncertainty but the individual step ages do not. The data
differ slightly from those in Waagstein {1995} because we have changed the way in
which we extrapolate argon ratios back to the time the gas sample entered the mass
spectrometer analysis and because we weight ages of individual steps by their vari-
ance instead of by volume,

ArlAr ages

The results of the Ar/®Ar stepwise degussing experiments are presented in
Figure 10 and Tables 5 to 7. Age plateaux were picked by the computer program
‘Isoplot’ of Ludwig (2000) except that we omitied step 8 in 11-23 and steps 1- 3 1n
L1-0424x to improve the visual fit. The plateaux consist of 3 to 9 consecutive healing
steps yielding similar ages (within 2o error imits) and comprising 60 100% of the
¥ Ar released. The same steps give inverse isochron ages similar to the platean ages,
although generally less precise, with no indications of the presence of excess argon.
The plateau ages are plotted as boxes against stratigraphic height in Figure 9, the
box width indicating estimated analytical errors at the o level.

Samples 11-23 and [-24 are from the lower and upper lobe, respectively, of a
100m thick double Bow of high-titanium basalt 370 - 470m below the top of the
lower basalt formation (loc. 3, Fig. ). The twe samples give a weighted mean age of
55.7 £ 0.9 Ma (lo error), comparable to 56.8 £ 1.0 Ma for the three accepted K/Ar
dates from the exposed succession.

All remaining six samples are from the Lopra well (loc. 1, Fig. 1} They were taken
at 337-1842m depth, or stratigraphically about 1260 -2760 m below the top of the
lower basalt formation. The plateau ages range from 60.0+ 2.1 to 63.1£1.8Ma
{ignoring the poor age of 394+ 8 Ma for L1-0861.7) and show no clear increase with
sampling depth. The weighed average of all six drill samples is 61.5% 0.7 Ma (1o).
about three million vears older than the three accepted K/Ar ages from the same well.

Taking the Ar/Ar ages at face value they seemn to partly support the suggestion by
Ritchie e al. (1999) that the two normal magnetic polarity intervals in the exposed
pari of the lower [ormation belong to chrons C26n and C27n. This implies an
episodic type of velcanism iitustrated by the thin dashed line in Figure 9, which line
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Table 5. Comparisons of XRF, KiAr and Avi Ar analvtical data

Wit% K CaiK #Ar*10~" cm® STP

L Ak A
Sample no. spit. DM ygrp K/Ar  ArfAr  XRF ArAr  K/Ar ArAr V”Ol b AT s
metres AT YAr
11-24 C 400 0540 0540 04825 12,65 12.32 1177 10.205 522 410+£223
11-23 ¢ 450 0.53] 0554 0.538 13.10 11.70 12.69 12.98 672 468+2.06
1.1-0337.5 B S1260 0 0739 0740 0.425§ 8.89 5.04 16.94 9.68% S84 4.401095
L1-0424x C _1350 0.324 0300 0288 2324 22.90 7.29 7.40 469  16.77+2.00
L1-0861.7 B 1770 0191 0.201 0.1065  39.15 16.39 4.19 2.924 76  5.35+569
LI-1142x C 2060 0490 0500 0.477 14.46 14.03 10.83 1180 521 1561+ 1.26
L1-1672x C ~2570 0398 0.405  0.429 18.46 19.71 922 10.99 647 5951 0.63
L1-1842x C ~2750 0315 0294 0312 2398 28.29 6.23 7.93 45.8 500 4 6.41
Mean: 0442 0382 18.56 18.01 9.90 9.24 94 812

Depth, stratigraphic depth below the top of the lower basalt formation (to mid point of sampled lava bed): XRF, whole-rock X-ray fluorescence
analysis (from Table 33 ArjAr, integrated values from Ar/Ar analysis with o grror.
§ Absolute argon volumes are probably incorrect. This may be due to erroneous sensitivity viliues and has no effect on isotopic ratios and thus ages.
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Table 6. Comparisons of KiAr and Av{dr datings { Maj

Sample no. Split Trradiation Steps Temperature  J*107°% K/Ar ArfAr Int.-  Ar/Ar ArfAr
“C age inteprated K/Ar Plateau age isochron age (*Ar/*Ar); MSWD
age

11-24 C 5 19 <125-1235 7377 S58+1.01% 53.7+£1.2 13 550%1.1 547+24 297+ 6 1,10
I1-23 C 5 LA 565 1150 7357 579+08 6l.0+1.2 il Al=16 514473 341474 1.00
L1-G337.5 B 5 26 600 - 1095 7377 57T.941.0% 57.7+05 —02 605+%1.0 609 L 28 20515 1.11
L1-0424x € 3 4-10 660-1305 2185 6181213 649113 31 624=x1.8 62.2+06.9 206413 1.06
L1-0861.7 B 5 35 T95-1095 7384 328+83 6%98+39 17.0 60+ 5119 304420 0.13
L1-1142x C 3 4-8 760 1320 2261 S5.1+1.1 626508 7.5 60.0+21 61.2+48 279 177 3.50
Li1-1672x 2 4-8 TO0-1300 6137 STHL12* p48+:04 72 628%+14 53+ 18 371 +£130 0.15
Li-1842x C 2 4.8 TO0-1310 7245 5371212 642441 1.5 63119 58+26 307 + 8% 1.91
Mean: 36.5 62.3 3.9 o0l 56.0 311

Steps, steps included in plateau and isochron ages: Temperalure, temperalure range of sleps included; I, irradiation parameter (irradiation 2:
= 1%; irradiations 3 and 5: ¢ = {.5%); K/Ar age, K/Ar age of the same split of sample which has been Ar/Ar dated. * denotcs that the mean K/Ar
age of the sample is considered a magmatic crystallization age; Int.-K/Ar, difference between Ar/Ar integrated age and K/Ar age from same split Ma;
MSWD, Mean Square of Weighted Deviates,

All errors quoted at the 1o level {includes error on T in Ar/Ar ages).

SANVISI 30UV "ONLLVJ IV ANV IviN
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Table 7. Aridr step freating data, lower basalt formation, Faroe Islands

Sample no. Step T'C Ang, "Anc. FArey CoK - CLK —’—*Kr - (:‘:en e % VAr "iuni“
1124 i*  46% 0446 0841 0032 TR 0T 2705 90 RN S R 25
1124 565 L6S3 2109 0031 253 0004 4390 €93 S0 180 92 107
1124 3650 2426 5045 0424 4138 0003 4674 306 6116 393 135 382
1-24 4* 7 4078 14570 (638 TAO0% 0003 4073 275 534y 173 227 47.9
1I-24 8N 4432 14045 LR fA2TR 0006 4134 334 3420 220 248 e
1124 6% 910 1943 6037 0041 6182 0021 4088 454 5360 478 108 &35
il-24 TFound 1.09] SRS 0397 10,185 0.076 3966 488 5203 ®53 6l k%6
124 3¢ 1110 1204 41075 0539 67873 0128 2458 590 3243 2363 67 963
11-24 ¢ 1235 0633 21730 0206  68.303 0.094 52307 393 6929 2284 35 998
1-23 I 460 0243 0455 0014 3723 0016 6830 970 8845 5029 12 12
I1-23 2 363 1.007 1602 0.y L1660 D00 8743 338 11247 2043 49 Bl
11-23 36T 2930 Sh3d 0004 38 0000 4400 483 37AG 50 143 24r4
1123 4% 750 4852 14606 0.052 5990 0003 397 218 5204 266 2316 440
11-23 5% R40 4735 13976 0.061 5850 004 4687 214 al.1g 258 137 671
1123 6% 035 2953 7435 0126 5003 0012 4387 408 STA0 XS2 144 RIS
I1-23 TEOI0I0 18T S187T 0202 AR05 0038 4217 442 5312 901 T4 83.0
1123 B 1150 1698 S6.030 0750 65678 0125 £304 220  &L79 186 83 9T
1-23 9 1275 0.601 15896 021 52672 00ST 1832 T09 2415 (305 29 1001
LIO337S 1 600 0337 0379 0008 2241 0007 0613 993 814 1354 20 20
LI-0337.3 2% 695 0968 1104 0007 2271 0000 4346 929 5693 630 57 77
TO03370.5 3% T40 4857 5215 D23 237 D2 4T7R OTIR 0250 1.76 IKG Ll

11-0337.5 4% 900 6970 12369 0.067 3531 0003 4606 606 6028 08F 410 )
LI-0337.5 3% 990 1607 3782 0056 4.684 (LU0 4246 8§44 3565 402 94 86,7
LI-0337.5 0 6% 1095 1027 12729 0.7 24674 00 4454 K2T 6470 ARl 00 ax3
L1-0337.5 7 1193 0799 27.58¢ 133 68.678 0.047 3072 459 4042 Bde 47 974
Li-337.5 & 1320 0444 14103 0032 63.16% 0033 1854 712 2451 1233 26 1000

L1-0424x 1 450 0.084 0,198 0002 4,673 12471 954 4850 13830 1.5 [
L1-424x% 2 335 02300 0.H26 0 0002 7145 23863 8K3 9170 1123 40 5.5
L1-0424x K] 6ol 0522 J844 002 9.302 186081 V4.8 TT T4 142 9.7
LiI-0424s 4% 130 0769 4190 0.002 10.841 16,70} 727 6467 240 133 RRR]
L1-ip424x 770 0450 3274 0002 13295 16491 524 HI&6 327 RS 415
L1-0424x 6* B2 0705 43565 0.000 12,891 13,997 669 6148 161 122 337
L1-0424x TEOO92) 109 6449 0007 11.714 15345 726 3950 177 190 L7
T.1-0424x B I020 DeHd 37T 00K 11.043 16110 64.6 63 206 11K 4.5
L1-0424x 9% 1103 0.239 3992 0004 EERES L7.081 623 iy 428 4] BE.6
L1-0434x  10% 1305 0637 35299 0010  t07.001 16.31% 78.2 6321 264 114 100.0
LI-U86E.7 1 390 0179 0993 0013 11062 0020 4555 93§ 59.68 120,30 4.7 4.7
L1-0861.7 2 95 0468 3903 0005 15761 0008 2,198 957 29.05 1148 124 171
L1-0861.7 3% 900 (.60] 4439 0012 14702 0003 5148 900 BTEI 1280 159 230
LI-0R&1.7 4% 495 0.743 JET4 0h0M4A 10372 006 5247 846 B85 17483 140 REX}
TA-0BaL7 3% 1095 (k934 147631 (21K Alddd 0aHT 4356 TR AP 40 247 773
L1-6861.7 & (200 0514 23793 0065 92,035 Nws 87T Tl J7R4 1777 1340 9009
LI-DBAL? 7 1330 0344 17.631 0 0028 0 10Z031 005 110102 497 14215 1920 4.1 104.0
L1-1142% | 460 1143 0332 0.017 4639 17677 OR7 TNI0 wTAY LS

L1-1142x 2 alg 077 1700 0001 4.4 143 309 #0360 Ly §2

Lil-t142x 3 00 1.266 2R2T 0004 4.442 16.213 632 6495 123 134

1.1-1142x 4% T 1.343 Jene  1.003 5.432 15.016 193 623 130 142

LI-1142x 5% 830 L5130 3930 0.003 5.169 L5098 187 0095 07 160

L1-1142x 6* 920 1.514 4390 0001 3771 15101 229 6057 132 160

LI-1142x THOL030 1084 3629 0.003 6.101 14,329 293 3752 080 123

LI-1142x B* 1320 1701 46034 0.012 33,865 15114 526 6062 1.24 184
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Table 7. (continued)

Ao B ug 39
Sample no. Step T°C 39Ar,;,;_, -"TAr\-‘;-;,} BFAne, CaK CikK NA]E “,:t]m (:ﬁ:} =7 % M AT ':um§r
Ti-1672x ) o0 8RS 2168 0.00] 4.876 6468 86.0 T023 0 OKA0 4.5 4.5
T1-1672x 2 a3y 1.329 2RT0 003 4.206 TATT 353 6 236 68 1.3
Li-1872x 3 00 1.569 5083 0004 6.446 6446 7RO 69.99 369 %1 19.4
L1-1672x 4+ 775 3798 14.265 0.002 TATE 5916 409 6434 131 1935 3549
L1-1672x 5% 850 39848 14,372 0.005 106 S.0U8 378 62.01 098 205 9.4
L1-1672x  6* G2 2664 L1757 009 ®TR2 3754 356 Hn2.61 235 137 73
1.1-1672x 7% 1015 2020 9330 00X 9192 a4l 300 6140 321 104 83.5
L1-1672 8% 1300 3233 133177 0106 81.087 5791 411 8300 134 les 1000
T.0-1542x 1 325 0481 i422 0003 5.881 0414 BE4 11903 15667 49 49
Li-1842x 2 625 0549 2843 0,002 £.893 5483 504 T0 Te2 B7 136
L1-1842x 3 TOU 1078 f.432  0.003 11.870 IR HHLO 4unl 449 010 4.6
L1-1842x 4% TR 1,744 11076 (0] 12.639 4.566 574 5872 119 179 433
LI1-1842x  3* &850 1.721 734 00002 11.256 5173 56 6638 215 176 60.1
L1-1842x  &* 935 1407 0761 0004 12155 4785 SEHE 6].49 SEe 113 714
TI-1842 7+ 1015 1038 6.313  0.006 2152 4.500 507 3788 398 106 210
L1-1842x  &* 1310 1753 94177 0013 106843 4963 719 6374 299 180 10010

PAr,, TALC, and BArg, in 10 ¥ om? §TP units.
* Step included in age plateau.

fits the six Ar/Ar whole-rock datings from the Lopra well but is slightly too old for
the dates from the exposed sequence. A better fit may be obtained by assuming that
C27n 15 presenl above the first core at 337m in the Lopra well, but there is no
supporting evidence of such additional polarity interval. By contrast, both the K/Ar
whole-rock dates and Ar/Ar plagioclase dates presented earlier suggest that the
Lopra well terminates within ¢chron C26r. The different resuits obtained by the two
dating methods are discussed below.

Discussion
3% Ar recoil loss and relocation

Pertinent data on the cight basalls analysed by both the KiAr and the Ar/Ar dating
methods are compared in Tables 5 and 6. The six basalts from the Lopra well may be
identified from sample numbers starting with ‘L1~ and cuttings samples with the
suffix “x’, while three accepted K/Ar mean ages are marked with an “*’. The ArfAr
integrated ages are calculated by combining the Ar isotope measurements from all
heating steps to obtain one single age as when making a one step total lusion
experiment. The integrated age is comparable to a K/Ar age except that by AriAr
anatysis K is analysed by first converting K to **Ar by neutron irradiation in an
atomic reactor and then deducing K from the isotopic composition of Ar. Although
both mcthoeds provide an apparent bulk age, the ages dilfers by 1 to =17 Ma, and
our integrated Ar—Ar ages are, on average. six million vears older than the K/Ar ages
{Table 6). The Ar/Ar determinations are made on only about 0.1 g of sample, and
this means that variations in the K/Ar ratio of the rock at the millimetre-scale will
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have a much larger effect on AriAr dates than on K/Ar ages. However, seven
samples dated by both methods appear to be either homogeneous or to show a
co-variation of K and Ar (Fig. 7). The differences between the integrated Ar;Ar and
K/Ar ages are therefore difficult to explain solely by sample inhomogeneity.

An integrated age higher than the K/Ar age may indicate loss of recoiled ¥ Ar
from the sample before the siep-heating analysis. It cannot be explained as excess
WAr* as the K/Ar age would exhibit similarly high ages. Mass balance calculations
indicate a *Ar loss of about 11-24% in the four deepest Lopra samples, while
samples T1-23 and L1-0424x seem to have experienced minor loss of the order of 3%
{Fig. 11}. Such uncontrolled leaking of **Ar is considered to occur mainly in low-
temperature minerals, especially in expanding clay minerals like smectite, but
possibly also in zeolites. The recoil loss probably oceurs during the irradiation of the
sample. On step heating these samples, the imitial steps will give high apparent ages
because *Ar{K) is underestimated. It should be noted that zeolites are absent in the
AriAr dated rocks, and in samples L1-1672x and L1-1842x there is too little K in the
clay minerals {smectite) to account for the loss {Fig. 11). Even if enough K is present
in the smectite it is unlikely that all of the * Ar generated has been lost. as the mineral
tends to be concentrated in large interstitial areas having a low surface;volume
ratio. The apparent age of the first heating step is generally <80 Ma (in L1-0861.7
only 25 Ma), these ages which are not excessively higher than the average spectrum
ages are hard to reconcile with massive loss of *Ar from low-temperature phases.
Recoil loss from low-temperature minerals can therefore probably only partly explain
the high integrated ages. The only other potential source of significant **Ar loss is
alkali feldspar which degasses over a wider range of temperatures than clay minerals
and zeolites. Alkali feldspar is 2 major K host in most rocks (Fig. 6) and must
therefore contribute a significant part of radiogenic Ar in the age ptateaux. It forms
roughly half of the interstitial rhyolite and may be present as microlites in smectite
replacing glass; most of it is thought to occur as thin rims on groundmass plagioclase
(see the petrogruphy and mingeralogy scction). Although the atkali feldspar grains
and rims are typically less than a few microns wide they are much too thick o cause
significant recoil loss because the average recoil distance of ¥Ar is only about
0.08 pm (McDougall & Harrison 1999). However, this is only the case if it is a high-
temperature feldspar. During slow cooling the first formed feldspar is converted to a
low-temperature phase consisting of submicroscopic lameilae of K- and Na-rich
feldspar (cryptoperthite) and their interfaces may form rapid diffusion channels for
recoiled ¥ Ar (McDougall & Harrison 1999). The flows (cooling units) of the lower
basalt formation have an average thickness of 20m (Rasmussen & Noe-Nygaard
1966, 1970; Hald & Waagstein 1984) which means that their centres have probably
cooled slowly enough so that high temperature alkali feldspar (sanidine) could
develop into cryptoperthite as reported 1n rhyolitic lows (Yund & Chapple 1980).
K Na feldspar intergrowths may also form from the break-down of plagioclase
during burial metamorphism, but such intergrowths are likely to be visible under ihe
microscope {and thus having far too widely spaced interfaces to effectively channel
recoiled Ar}, and they have not been observed in any of the dated basalts. Tt is
noteworthy that the samples which have lost most ** Ar are all from >800m depth in
the Lopra well, and we speculaie that the relief of [ormalion pressure may have
caused pre-existing microfractures in the borehole samples to open thereby
enhanecing the diffusion loss of recoiled Ar during later irradiation.
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Fig. 11. Percent **Ar lost by recoil versus the percent of the K in the sample residing
in smectite. The recoil loss is calculated from the difference between Ar/Ar integrated age and
KiAr age of the same subsampie.

Ar recoil loss may not only explain the high integrated ages but could also be
responsible for some of the relatively high plateau ages obtained compared to the
accepted K/Ar ages. This makes the interpretation of the Ar/Ar ages uncertain.
The samples most likely to give true plateau ages are 1-24, 11-23, L1-0337.5 and
L1-0424x which have ntegrated ages fairly similar to their K/Ar age. However,
recoiled Ar is not necessarily lost from the sample but may be relocated into
adjacent K-poor mineral phases, and such relocation will not affect the mntegrated
age of the sample. Recoil relocation is generally considered of more concern than
recoi! loss when dealing with the interpretation of Ar/Ar whole-rock spectra of fine-
grained volcanic rocks (cf. Hofmann er af. 2000). Potassium mainly resides i alkah-
feldspar, sodic plagioclase and clay minerals which release argon at relatively low
temperatures, whereas minerals with little or no potassium, like calcic plagioclase
and pyroxene, degas at high temperatures (>1000°C judged hy the increase in Ca/K
ratios). “YAr recoiled into the latter minerals will therefore result in an overestimate
of their K content and give low apparent ages at high temperatures. Conversely,
the mineral phases supplying the excess Ar will give too high ages at lower
temperatures. The combined effect of such exchange of **Ar by recoil often results in
decreasing apparent ages with temperature and the true age should probably be
found in the last steps just before the degassing ol high Ca phases containing excess
recoiled ¥ Ar (Féraud & Courtillot 1994; Hofmann ¢z al, 2000), This recoil relocation
effect is probably seen in L1-0337.5 where steps 3 to 5 show slightly decreasing ages
and increasing Ca/K preceding the degassing of the high Ca phases, while the latter
phases give low apparent ages due 10 ¥ Ar recoiled into them. Tf we instead use just
steps 4 and 5 for the age calculation we get a lower plateau age of 60.1 £0.9Ma
comparable Lo the mean K{Ar age of 38.3 £0.9Ma. Sampie L1-0424x with an intc-
grated age only three million vears higher than the K/Ar age shows slightly decreasing
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ages in steps 4-7 included in the age plateau. This sample may likewise have been
affected by recoil relocation although the high Ca/K steps at the end do not show low
ages. The only two Ar/Ar dated samples from the exposed succession have compar-
able plateau, integrated and K/Ar ages with a difference between the latter two of
about —1 and +3 Ma respectively (split C of 1I-24 and I11-23 in Table 6). Unfortu-
nately, neither of them give precise age plateaux, and they may hide non-analytical
variations not reflected in the error calculations, which assume only analytical scatter.

The interpretation of the present Ar/Ar isctopic data suggests that whole-rock
platcau ages fulfilling standard criteria of acceptance (Dalrymple er a/. 1980) may in
some cases be too high due to recoil processes. The sume has recently been suggested
tor whole-rock dates from the Deccan Traps which often give 1-2 Ma higher ages
than plagioclase and amphibole from the same or stratigraphically equivalent lavas or
dvkes (Hofmann et af. 2000). Mineral dates are generally considered more accurate
because of the homogeneous composition of samples, which makes it more simple
to interpret release spectra. However, suitable minerals for dating are often not
available in fine-grained volcanic rocks. Instead, whole-rock dates may sometimes be
re-assessed by using more tight constraints on the accepted deviation of apparent
ages within a plateau (Feraud & Courtillot 1994; Hofmann ez ¢f. 2000), although this
will often result in questionable plateaux of only 2-3 steps encompassing less than
half of the Ar released, or no plateau at all,

The problems with reconl makes it difficull to obtain accurate geological ages from
the present Ar/Ar whole-rock measurements. Four sumples from the Topra well give
relatively well defined age plateaux of 60-63 Ma but are almost certainly too old due
to ¥ Ar recoil loss or relocation. The two samples from the exposed sequence may be
less affected and suggest an age of aboul 56 Ma for the youngest part of the lower
basalt formation, bul are unfortunately not very accurate. Qur interpretation ol the
AriAr whole-rock dales suggests that the basalts dated from the Lopra well cannot
be older than 61 Ma and that they therefore very probably all erupted during chron
C26r (57.1-60.9 Mu).

Choice of samples and methods in whole-rock dating of basalt

The Ar/Ar step-heating method is generally considered superior to the K/ Ar method
for whole-rock dating of altered rocks. This is because AriAr ages are based on a
number of Ar extractions defining an age plateau and isochron, while K:Ar ages are
derived from the total amount of K and radiogenic Ar of the sample. However. we
have shown above that Ar/Ar ages may be biased due to *Ar recoil loss or
relocation during irradiation. In the investigated hasalts the recoil loss 1s associated
with interstitial clay (Fig. 11) and at least one other extremely fine-grained K-bearing
phase (most likely mvisible cryptoperthite). The loss of P Ar will (end to give too
high Ar/Ar ages. Recoil relocation of **Ar seems to have a similar effect. but is
dillicult Lo quantify. Thus only two basalts low in interstitial clay, but relatively high
in interstitizl rhyolite matrix, are considered to give igneous ages.

K/Ar whole-rock dating of an igneous rock is based on the assumption that the
rock formed a closed K/Ar system since erystallization. Ideally the rock should be
completely fresh without any secondary minerals. but this requirement is probably
never fultilled in fine-grained extrusive rocks that have been buried. However, the
above AriAr measurements show litle cvidence of loss or gain of radiogenic WAr,
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which suggest that slightly altered basalts may give undisturbed K/Ar ages. We have
demonstrated (Figs 8 & 9) that consistent ages may be obtained on basalts in which
all interstitial glass is altered to saponite + minor C;8 provided that (1) no other low-
temperalure mincrals are present, (2) the clay contains only a small fraction (< 10%)
of the total K of the rock and (3} that the rock is homogeneous (replicate K/Ar ages
differ <4 Ma).

The s1x basalts giving consistent K/Ar ages are not only poor in clay (former
glass), but also contain interstitial rhyolite. Similarly, the only two basalts with
re¢hable ArfAr ages are those containing most rhyolite {I1-23 and 11-24). Although
one of these (11-23) is too inhomogeneous for K/Ar dating, it suggests that broadly
similar criteria of freshness applies for Ar/Ar dating as for K/Ar dating, except that
the former method seems more sensitive to the presence of clay due to recoil effects.

This emphasizes that the selection of samples is more important than the dating
method itself. The best samples for dating are from the massive core of thick lava
flows with no fractures or with fractures that have been sealed at an early date, and
with as much K as possible. Massive cores are often relatively poor in interstitial clay,
which replaces glass and represents frozen residual melt. The reduction of melt may
be due to slow cooling, which will result in advanced crystallization and eventuaily
formation of interstitial rhyolite instead of glass (a tholglitic basalt magma with about
50% Si0, will gradually change to a rhyolite magma high in Si0O; by crystal
lcactionation). However, a paucily of former glass in massive basalt may also result
from filler pressing and accumulation of melt into residual veins (Self ef af. 1997).

The present study demonstrates that it is possible 1o obtain K/Ar ages from thick,
massive lava flows which have been subjected to zeolite facies bunial metamorphism.
Crystallizalion ages have thus been obtained even from the deepest zeolite zone. the
laumontile zone, where the temperature has exceeded 110°C (Fig. 2; Jargensen 1984).

It 13 important as an additional control to dale scveral samples from the same
volcanic sequence 1 order to see if the measured ages correspond (within errors)
with the stratigraphic order of the samples. In K/Ar dating, sample inhomogeneity is
also of concern, and samples should preferably be analysed in duplicate or tripheate.

The sampiing method is less important, and even drill cuttings may be dated,
which 13 very useful because cuttings are oflen the only material available from
commercial wells.

The problems of whole-rock dating of flood basalts may be circumvented by
AriAr dating of pure mineral extracts, usually plagioclase phenocrysts. However,
this requires that phenocrysts are present, that they are fresh and contain a fair
amount of K, but little or no excess argen. The method has been used with success in
plagioclase extracied from outcrops and drill cores (Fig. 9; M. Slorey unpubl. data),
but, as far we are aware, nol vet from drill cuttings of basalt.

This siudy does not include dykes or sills. Faroes dvkes and sills consist of almost
holocrystalline, relatively fresh basalt, but pose other dating preblems because of
their intrusive nature, i.e. lack of stratigraphic control and the risk that they contain
inherited argon trapped under pressure (McDougall & Harrison 1999).

Age of the Faroes volcanism

Based on the close fit between K/Ar and palacomagnetic ages we estimate that the
3km exposed and drilled section of the lower basall formation range in age {rom
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about 58.8 £0.5Ma to 35.8 0.1 Ma (1o} (Fig. 9}. The Faroes lower basalt forma-
tion has been interpreted as a pre-breakup lava seguence and s overlain by a »2km
syn-rift sequence with an age of about 55,5 -56 Ma (Larsen ¢t of. 1999} formed in the
early part of chron C24r during the final breakup ol the North Atlantic. The present
K/Ar and Ar/Ar dates support previous interpretations that the two normal polanty
intervals in the cxposed part of the lower basalt formation belong to chron C25n
and C26n and that the few reversely magnetized flows at the top belong Lo C24r
(Waagsten [988). This means thal the older cycle of voleanic activity continued until
at least 55,9 Ma and thal the overlying [0m-thick coal-bearing sequence therefore
must have accumulated in a short period of time (<0.1 Ma?) during the earliest part
of chron C24r. This thin sedimentary scquence marks a major shift in the magmatic
regime and defines an important regional unconformity. The Faroes lava succession
has been correlated in delail with the East Greenland succession where, however, the
age of the lower volcamic cycle 1s less well constramed (Larsen er af. 1999). Two
major volcanic cycles have also been recognized in Scotland and offshore SE Green-
land although the lower cycle of extrusive basaltic volcanism prebably ended earlier
here than in the Faroes (Hamilton ef af. 1998; Sinton e af. 1998),

The dates also show that the oldest lavas drilled in the Faroes cannot be older than
C26r. They therefore do not support the recent correlation of these lavas
with C28n or €27r proposed by Navlor er af. {1999) and Riwchie ¢r al. (1999},
respectively. On the contrary, the approximate fit of palaecomagnetic and K/Ar dates
to a logarithmic curve (Fig. 9} suggests that the lowermost 2km of lavas drilled
in Suduroy accumulated at a very high rate, probably in excess of 2kmMa '
High-precision dating work of other flood buasall sequences suggests simnlar high
rates of accumulation (Hamilton er /. 1998; Storey et af. 1998; Hofmann et f. 2000}
Although we do not know the total thickness of the voleanics of the major pre-
breakup cycle of the Furoes it is quite possible therefore that this cycle first started
59 Ma ago. This is long after the onset of Paleocene volcanism in the British Isles, off
SE Greenland and in West Greenland dated at ¢. 62 Ma {Pearson er ¢f. 1996; Sinlon
& Duncan 1998; Storcy ef a/. 1998), but at about the time of maximum voleanie
activily in Antrim and Skye (Belt & Jolley 1997) and the arrival of the first magmas
with an Icelandic mantle plume signature in Mull 58.7 £ 0.3 Ma (1o) ago (Chambers
& Fitton 2000).

There have probably been earlier episodes of volcanic activity in the Faroes region
as tuff beds have been reported from the mid-Paleocene Vaila Formation in the
Faroe-Shetiand basinal area to the SE of the Faroes formed during chron C26r
(Knox et. al. 1997, Lamers & Carmichael 1999}, perhaps starting in C27r (Naylor
et al. 1999). The Vaila Formation conlains deep-waler siliciclastic sandstones at
several levels, some of which are major hydrocarbon reservoirs. The question is if
any of these sandstones have been sourced from the Faroes—Greenland region
(Larsen et af. 1999), thus setling a fower lmit to the start of major voleanism.

Conclusions

By analysing samples from thick, massive basalt flows it may be possible with the
K/Ar whole-rock method to date several km thick [ava sequences affected by very
low-grade burial metamorphism in the chabazite—thomsonite to laumontite zeolite
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zones, as demonstrated for the lower basalt formation of the Faroe Islands, Exten-
sive microprobe work and mass balance calculations show that the core of thick,
massive flows from the Faroes lower basalt formation has on average 60% of the
potassium In groundmass plagioclase, interstitial microcrystalline rhyolite and inter-
stilial smectitic clay, the rest mainly formung thm rims of alkali feldspar on plagio-
clase. Igneous ages are obtained from basalts almost homogeneons in K and Ar with
<6% of the total K in interstitial sapomte £ C/S, bul no other low-temperatlure
minerals. In contrast, basalts which are inhomogencous, contain >15% of total K in
clay, have abundant C/S or contain traces of zeolites, secondary quartz, di-octahedral
smectite or celadonite give low or variable ages of no use. [t is paramount to check
the homogeneity of the basalts, preferably by replicate dating of different splits or
subsamptles.

Ar/Ar whole-rock dating is generally considered more accurate than K/Ar dating,
but the present study indicates that most of the ArjAr analyses are affected by **Ar
recoil loss or relocation which tend to give too high plateau ages. Recoil may affect
age plateaux that fulfil normal criteria of acceptance and calls for critical use of
whole-rock Ar/Ar dating. Severe recoil problems may be detected by dating the same
samples by both the Ar/Ar and K/Ar method, which unfortunately is rarcly done.

The K/Ar and Ar/Ar dates considered true crystallization ages agree with un-
published Ar/Ar ages. Together with palacomagncetic dalu they incheate that the
oldest drilled lavas of the Faroes lower basalt formation started to erupt at a very
high rate 58.8 £0.5Ma ago in chron C265, but that the accumulation rate dimin-
1shed before the volcanism came to a temporary halt about 55.8 £ 0.1 Ma ago in the
beginning of chron C24r. Tt suggesls that the overlying thin coal-bedring sequence
formed in a short period of time before the volcanism resumed with the deposition of
the middle and upper basalt formations during early C24r.

The senior author thanks Statoil for financial support during a preliminary compilation
of some of the data presented here and the Geological Survey of Denmark and Greenland
[or permission to publish. The microprobe analyses were made with cquipment funded by the
Danish Natural Science Research Council. The authors thank M. Storey for comments
on the Ar/Ar section and S. Kelley for his constructive review and many suggestions for
improvements.
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Abstract: Palaeogene volcanism on the NW margin of the Faroe—Shetland Basin is
represented by the Faroes Lava Group, within an age range of 57.5-60.56 Ma. The
volcanic sequence comprises 1000 m of basaltic voleaniclastic rocks deposited in
cstuarine or marginal lagoons, overlain by three laterally-cxtensive formations of
subuaerial facies basaltic lavas: Lower, ¢. 3230 m; Middle, ¢. 1400 m; Upper, at least
900 m (top not prescrved). The Lower and Upper formations comprise high-volume
sheet flows, commonly with ferrallitized tops, interbedded with reddened, thin,
Nuwvial claystone and basaltic siltstone deposits. Laterally-impersistent coals oceur
within the Lower Lava Formation. The Coal-bearing Formation {¢. 20m) was
deposited in an overbank floodplain environment during an hiatus in the voleanism
berween the Lower and Middle formations. The Volcaniclastic Sandstone Seguence
comprises hydroclastic and pyroclasiic deposits which post-date the Coal-bearing
Formation and represent a return to volcanism, prior to the eruption of the Middle
Lava Formation which is mainly characterized by mflated pahoehoe Nows. The
onshore sequence of the Faroes Lava Group can be correlated with basaltic lows
within the Faroc -Shetland Basin, where lavas in Well 205/9-1 are interpreted to be
of Lower Lava Formation affinity, possibly crupted from a local vent system.
Seismic and gravity mapping and moedelling suggest that the offshore extension of
the Lower Lava Formation, together with the oldest part of the Middle Lava For-
mation, comprise subugueous hyaloclastiles deposited in a prograding Gilbert-
Lype lava detta system. The youngest part of the Middle Lava Formation and sl
of the Upper Lava Formalion occur as subaerial Tacies lavas within the basin.

The Faroe Islands, located in the NE Adlantic Oceun approximately midway be-
tween NW Europe and fceland, comprise a remnant of the originally extensive flood
basalt lava field which was erupted during the Palaeogene in response to the arrival
of the proto-lcelandic Plume and the development of the North Atiantic volcanic
rift margin (Fig. 1}). After impacting the stretched continental crust below central
Greenland during the earfiest Paleocene (Danian, ¢.65-63 Ma), the mantle plume
mitially caused thermal doming, before breaching lithospheric thin spots with upwel-
ling magma producing surface volcanism and the emplacement of shallow-level sills

From: JorLky, D W. & Beel, B, R, {cds) The North Arlantic Igneous Province: Stratigraphy. Tectonic,
Volcanic and Magmatic Processes. Geological Soclety, London, Special Publications, 197, 233-269, 0303-
8719:/02/815.00 T The Geological Society of London 2002,
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Fig. 1. Palacogene plate reconstruction (pre-Anomaly 24) for the NE Atlaniic. indicating the
pre-drilt location of the Faroes Block relulive to Faslt Greenland (after Larsen ef of. 1999).

and intrusive complexes (White & McKenzic 1989; Naylor er af. 1999). This con-
tribution summarizes the stratigraphy. environments of eruption and biostrati-
graphic age of the Palacogene volcanic rocks of the onshore and offshore Faroes
Lava Group.

Restoring the North Atlantic to early anomaly 24r time (i.e. before the commence-
ment of ocean floor spreading in the early Y presian), itis evident that the Faroes Block
and associated volcanic rocks have a close association with the Aood lava sequence of
the Kangerlussuzag—Nansen Fjord area, East Greenland {Larsen et /. 1999). It is likely
that the separation was less than 100km, and possibly as hite as 60km. No
convincing major feeder sysiems or venls capable of sourcing the relatively large
volume eruptions represented by the Faroes lavas have been recognized on the Faroe
Islands and it is concluded that the majority of the fissure eruption sites were close to
the heavily intruded Paleocene volcanic sequence in East Greenland.

Volcanic activity culminated with the eruption of the Balder Tuft(s), a thick and
extremely widespread sequence of reworked and altered basaltic volcaniclastic depos-
its sourced from the rift subsequent to plate separation and initiation of sea floor
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spreading (Naylor ef ¢/, 1999). After thermal contraction of the plume (Saunders et ai.
1997), magmatism was restricied to the active rifl. The Faroe Shetland Basin
subsequently underwent significant subsidence during the Eocene.

Geochemical analysis of Faroes lavas indicates predominantly tholetitic basalt
compositions, ranging {rom magnesian picrites to ferrobasalts (Waagstein 1988).
The silica content of the majority of the flows is <48 wt%, indicating they are
mantle-derived magmas that did not undergo significant ponding in the crust in
substantial magma chambers. A few flows with higher silica values (52-55 wt%) and
high initial ¥7Sr/% Sy ratios indicate some interaction {contamination) with crust,

It is possible Lo clearly distinguish the three main lava formations (defined below)
geochemicully, in particular on plots of FeQ/MgO v. TiO,/FeO. Lower Lava Forma-
tion flows contain relatively low concentrations of titanium, are silica-oversaturated
and have distinctive light rare-earth-element (LREE)-enriched compositions, where-
as Middle Lava Formation flows are predominantly Mg-rich tholeiites enriched in
titanium and the LREE. Towards the top of the Middle Lava Formation and
throughout the Upper Lava Formation (with increasing frequency, up sequence) are
flows with Mid-Ocean Ridge Basali (MORB) compositions and thoroughly LREE-
depleted signatures.

Stratigraphy of the Faroes Lava Group

The total proven thickness of the volcanic sequence of the Faroes Lava Group is
estimated at ¢ 6500-7000m (Fig. 2), consisting of ¢. 3000m above sea level, i.e.
exposed on the Faroe Islands and covering an area of ¢. 1400 km®, together with
¢. 3565 m proven in the Lopra-1 and 1A wells (2178 m drilled in 1981 and a further
1387 m drilled in 1996, respectively). All of the lavas are of tholeiitic affinity {Waag-
stein 1988), indicative of relatively voluminons mantle melting. The majority of the
flows ¢xposed on the Faroe Islands (i.c. the uppermost 3000 m) were erupted into a
subaerial enviromument, whereas the scclion within the Lopra 1 & 1A wells can be
subdivided into subacnal facies flows overlying subagueous facies volcaniclastic
denosits. Figure 2 summarizes the distribution and stratigraphic relationships of the
main formations of the (onshore) lava pile.

Lower Lava Formation

The Lower Lava Formation {LLF) crops out on the islands of Suduroyv, Mykines
and Vagar, has an estimaied thickness (at outcrop) of at least 900 m, and comprises
aphyric, high-volume sheet flows with average thicknesses of ¢.20m. A further
¢.2550m of LLF flows are interpreted from the Lopra 1/1A stratigraphic test well
(see below).

There is very little evidence for any significant topographic relief (palaeohighs) on
the LLF lava ficld during its development: where scen, such lcatlures are of the order
of a few metres, typically comprising mound-like areas around which subsequent
lavas have flowed. Individual lavas up to ¢. 70m in thickness are noted. for example
within the ¢. 500m thick sequence exposed on Beinmisvord on the west coast ol south
Suduroy. This particular flow may be traced laterally for several kilometres, both
along strike und down dip, implying an eruption volume of at least 1km?, and
perhaps considerably more in that no appreciable thinning of the flow is evident.
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Reddened (ferrallitized) tops to flows are relatively common, indicating hiatuses in
the volcanic activity during which subaerial weathering and soil formation took
place, commonly with the establishment of a forest vegetation. Land surface tem-
peratures in the late Paleccene to early Eocene reached a maximum around the
initiation of eruption of the LLF, cooling throughoul the remainder of the eruption
interval of the lava field. This global warm phase, the Late Palcocene Thermal
Maximum (LPTM), imitiated a warm temperate chimate in the region, resulting in
rapid weathermg of exposed lava surfaces. In addition to fow-top soil development,
there are thin (up Lo a few tens of centimetres thick), laterally discontinuous coals
interbedded with the lavas on the islands of Mykines and Suduroy, implying the
existence of small, locally-developed swamps during hiatuses in the volcanism. These
coals and associated sediments yield a palynoflora dominated by Inaperrurapoilenites
hiatus {swamp cypresses and Metaseguoiay, Caryapollenites veripites {Juglandaceas;
hickorics), Monocolpopolfenites tranquilus {Ginkgo}, and Momipites species with
occurrences of Striatricolporites sp. (Anacardiaceae — cashews & mangos). This flora
appears to have been widespread across the NE Atlantic margin at this time and has
been recorded as far south as the London—Paris Basin (Jolley ef al. 2002}, enabling us
to attribute dates to the LLF of 57.5-60.56 Ma based on isotopic dates in correlative
rocks (Jolley ef af. 2002). The palynofloral assemblage of these coals s typical of
swamp and floodplain facies with Tricolpites hians-producers occurring along water-
courses and the Carvapolienites and Momipires species as colonizers at the margins
of lakes and newly formed swamp areas (Wing & Hickey 1984).

Interlava sedimentation was not restricted to swamp (acics. Alse preserved are
fluvial claystone—siltstone deposits, containing both glassy (now partially palagoni-
tized) basaltic material (shards and rounded (ragments) and sand-size grains and
pebbles of crystalline basalt, which may be (raced laterally for significant distances
{typically =1 km). Sediment transport by river systems developed over a gently in-
clined land surface, with drainage, in general, from west to east. Typically, the lava
flows overlying sedimentary deposits have crudely developed prismatic jointing and
pillow-like (bulbous} loading and bulldozing/ploughing structures, implying that the
these deposits were not fully lithified by the time volcanism recommenced. Towards
the top of the LLF, between Kolheyvggjur and Frodba on the east side of Suduroy,
there are distinctive columnar-jointed lavas with colonnades and entablatures, typical
of flows which have been erupted either over a wet substrate or into shallow water.

Lopra Sequence

The Lopra Sequence (LS} is defined from the interpretation of side-wall core (SW(C)
and ditch-cutting (DC) samples, together with down-well log data and palynological
analysis of selected composite ditch culiings for the Lopra 1/1A wells (see also Hald
& Waagstein 1984).

Statoil, with its access to the Lopra 1/1A well samples, has evaluated the following
stratigraphy (Fig. 3):

(i} 0m o 2550m: low SGR (Spectroscopy Gamma Ray), variuble NPHI
{Neutron Porosity) and high variable RHOB (bulk density): most likely dominated
by subacrial facies lavas. However, palynofloral data from this interval shows that
this basal part of the LLF was erupted into an environment with standing freshwater
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bodies. The sediments [tom this interval contain common Boetryococeus braunii and
Leiosphaera spp. with Prerospermella spp. and lragmentary dinocysts which together
charaterize freshwater estuaries or marginal lagoons,

(i) 2550m to 2900 m: moderate SGR; less variable NPHI; moderate variable
RHOB: these volcaniclastic rocks were emplaced into a neritic to estuarine environ-
ment, which sourced the same palynoflora as the overlying dominantly lava sequence.
These palynofloras provide some age correlative information. The occurrence of Plica-
pollis psevdoexcelsus and Interpoflis supplingensis are indicative of sediments vounger
than the uppermost Lamba Formation in the Faroe—Shetland Basin, an age which
accords well with the abundance of Leiosphaera spp. in these sediments,

(iii) 2900 m to 3565 m: very variable high SGR; moderate variable NPHI; high
variable RHOB: a mixture of volcaniclastic rocks and ?invasive lavas/sills emplaced
into a neritic to estuarine environment.

Omne of the main objectives of the oil industry-funded deepening of the Lopra well
was to ascertain the nature of the crust below the lava pile. Unfortunately, it was
known prior to the well deepening that the depth to “basement’ {i.e. to the base of the
volcanic sequence) was most likely in excess of 3500 m below sea level {e.g. Palmason
1965). Based upon the estimated thicknesses of lavas, in particular the LLF, it is
likely that the sequence below Lopra on Suduroy is the result of eruption of material
into a significant depression in the pre-lava topography. within a Palacogene scdi-
ment trap which existed prior to the volcanic activity.

Coal-bearing Formation

There is a stratigraphical break of uncertain, but possibly short duration between the
LLF and the overlying Coal-hearing Formation (CF). This is best evidenced by
the shift in ‘depocentre’ between the two units on Suduroy. In part this may be due
to the infilling of palaeogeographical low areas by the ponded lava flows at the top of
the LLF.

The Coal-bearing Formation (CF) varies in thickness between 10m and 20m and
crops out on Suduroy, Vagar and Mykines, comprising two coal beds (the lower
up to 1.3m thick, the upper 30cm thick), interlayered with carbonaceous clays-
tones, siltstones and cross-bedded sandstone deposits. The detritus within the clastic
deposits consists of shards of basaltic glass (palagonitized to varying degrees), to-
gether with erystalline basaltic material derived exclusively from the underlying lava
pile. The occurrence of Schizosporis species (Spirogyra cysts) recovered from a
spherulitic carbonate deposit indicates that small ephemeral lakes developed on the
drainage surface.

The palynoflora of this scquence has heen reported by Lund (1988), and is further
detailed here. This is the most diverse pollen lora within the Faroes Lava Group,
dominated by Inaperturopollenites hivius, Caryapollenites circulus, C. triangufus and
C. veripites, with abundant occurrences of Momipites species and Pityosporites spp.
Other taxa represented include common Sciadopityspollenties serratus and occur-
rences of Phaseoidites sianfevii and Montanapoflis spp. This association is seen in
offshore wells at the base of Flett Formation F2 {Jolley 1997; Naylor et af. 1999).
The palynoflora, gross sediment distribution pattern, lithologies and internal struc-
lure of the CF indicate deposition in an overbank floodplain environment with
extensive peat swamps and small lakes,
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Volcaniclastic Sandstone Sequence

This sequence {the VS8}, referred to as the Tuff-Agglomerate Zone by Rasmussen &
Noe-Nygaard {1970}, is a complex assemblage of channelized clastic and volcani-
clastic deposits {up to a few tens of metres thick) comprising material ranging from
silt grade through to codrse rudaceous accumulations with boulders several tens
of centimetres across. It crops out on Suduroy and Vagar in a relatively narrow,
NW-trending corridor. In places, the uppermost part of the V88 is strongly reddened
(ferrallitized) and is also complicated by the presence of irregular, sill-like intrusions.
Locally, primary accumulations of basaltic scoria and spatter are preserved, indica-
tive of local vent sites (Swanson er af. 1975). A detailed interpretation of the V88 will
be published elsewhere (S. Passey pers. comm.).

Middle Lava Formation

The Middle Lava Formation {MLF} has an estimated thickness of ¢. 1400 m and
consists, predominantly, of thin, plagioclase-phyric, compound flow units, with abun-
dant vesicle zones now filled with various (amygdale) minerals. On Vagar, the Vest-
manna | well (Fig. 1} penetrated ¢.660m of MLF flows (Waagstein 1988). Two
distinct olivine—phyric members are identified: (a) the Festmanna Member (c. 450m
thick) of olivine—phyric basalt lavas, comprising twelve separate flow ‘groups’; and,
(b} the Eidi Member (c. 100m thick) of olivine—phyric basalt lavas, located ¢. 600m
below the top of the MLF.

Within the MLF there are many units that preserve characteristics of inflated
pahoehoe flows (Self e al. 1996, 1997): sub-horizontal vesicle/amygdale-rich and
-poor sheets {all outcrops), pahoehoe tongues and lobes {e.g. at Vidareidi, north
Vidoy), and lava tubes {e.g. the sea cliffs of Frodbiarbotnur, east of Tvoroyri, east
Suduroy). These low viscosily flows would have been crupted slowly from moderate-
sized vents {possibly =100 m across). To date, other than the vent-associated basaltic
scoria and spatter within the V&8 (see above), the eruption sites of MLF flows have
not been recognized.

Red interflow claystone—siltstone and sandstone deposits are thinner than in the
LLF. and are concentrated towards the top of the MLF. The frequency of the
initially small, but rapid, eruptions does not appear to have allowed the estabiish-
ment of fluvial sysiems. However, a2 change in eruptive style in the upper part of the
MLF resulted in localized alluvial channels with sandstone—shale sequences which
arc commonty rubified. Around Eidi on Eysturoy, these deposits preserve a palyno-
flora dominated by Inaperturopollenites himtus {(Metasequoia) wilth Retitricolpites
species (a riparian plant?), Monecolpopoilenites tranguilus (Ginkgo) and bryvophyte
spores (Stereisporites spp.). This association is characteristic of floras within fluvial
systems cutting through areas ol vegetated flow tops. Tt lacks the characteristic
swamp species of the earlier floras of the LLF and CF. No age diagnostic taxa are
recorded within this impoverished flora.

Upper Lava Formation

The Upper Lava Formation (ULF) is al least 900m thick and is composed of
thick {on average ¢. 10m), simple {i.e. non-compound) flows intercalated with thin
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crystal- and glass-rich tuffs, together with reddened claystones and velcaniclastic
siltstones and sandstones. The thickest sedimentary sequence crops out at Flesin a
Hosmeol on the west side of Nolsoy, where several metres of reddened claystones
and sandstones occur interbedded with thin basalt sheets. The lower 3m of strata
is composed of alternating beds of claystone and coarse sandstones/grits, and is
overlain by a brecciated amygdaloidal lava. Above this is a further 6 m of siltstones,
with some minor coarse sand- to grit-grade beds at the base. The terrestrial paly-
noflora recovered from these beds is dominated by naperturopollenites hiatus
(Taxodium{ Metasequoia), and is typical of the flowtop vegetation throughout the
lava field. In addition to this material there are occurrences of Leiosphaeridia spp.
Pediastrum bifidites and scolecodonts, all typical of shallow fresh to brackish water
in an estuarine and marginal marine setting, These data help to constram the altitude
of the lava field to being at, or near, sea level during this time. Further confirmation
of the altitude of the ULF lava field is derived from the thick sedimentary unit at
Dalur on Sandoy. Here, at least Sm of sandy claystones and siltstones contain a
similar . hiatus-dominated palynoflora to that seen at Nolsoy. In association with
this assemblage are specimens of Implerosphaeridium densicomatum and Spiniferites
ramasus subsp. ramosus, both common Palacogene dinocysts. These taxa agam
indicate a shallow marine environment, probably more saline than that at Nolsoy.
These data, when compared to the ULF palynofioras from Leynavatn on the island
ol Streymoy, which yield the freshwater algae Botryocoecus braunif, indicale a low-
lving lava field with ¢phemeral lakes and shallow marine embayments.

Hollow eylindrical structures occur within a lew lavas, tor example at Kirkja on
Fugloy, and at Sundshalsur on Streymoy, and are interpreted as tree moulds. In the
latter case, the moulds appear to be of small branches or trunks preserved immed-
tately above weakly cross-laminated fluviatile sandstones and siltstones which have
been celonized by vegetation, evideni from the common rhizolith structures replaced
by heamatite, giving the rock a mottled appearance. Nearby. during roadbuilding,
a well preserved specimen of Metaseqoiua occidentalis foligae was recovered (Ras-
mussen 1990), representing what was the dominant taxon on the vegetated flow fops,
marginal to the fluvial system.

The ULF flows are predominantly plagioclase-phyric in the central part of the
Faroe Tslands {e.g. Sandoy). At the base of the Formation, in the NE purt of
the Faroe Islands, aphyric and olivine-phyric flows are more common and define the
Kollafjordur and Vidoy members (Waagstein 1988).

The original thickness of the ULF can only be ¢stimated. On Sandoy and Vidoy,
the uppermost Hows have vesicles that are devoid of amygdale minerals, which
implies that they have not been subjected to substantial burial by a significant
thickness of younger lavas (Rasmussen & Noe-Nygaard 1970; Waagstein [988).
Thus, perhaps, only a few hundreds of metres of the ULF have been lost by erosion
since Paleocene times. Furthermore, the amygdale mineral assemblages within the
lavas of the Lopra | well imply that they too have not been buried significantly and,
consequemntly, that the MLF and ULF did not constitute appreciable sequences in
the Suduroy (i.e. southern Faroe Islands) area. Thinning of the MLF and ULF
towards the south is implied, suggesting that the rate of subsidence was greater
further north and that the distribution and thickness of the lava sequences wus
strongly influenced by the eruption rate of the lavas and by the subsidence history of
the entire lava pile.
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Interpretation of the offshore volcanic sequence

To dale, only one offshore well (205/9-1) within the Faroe- Shetland Basin has pene-
trated lavas (sce below). However, seismic interpretation and isochore mapping of the
enlire volcanic sequence within the western part ol the Faroc-Shetland Basin
indicates 4 general thinning to the SE, away from the Faroc Istands from an offshore
inlerpreted maximum vertical thickness ol 2-3km, to less than 50m m UK waters
(Fig. 4). The offshore seismic sequence is divided into three major units based on
interpretations of seismic characler and mapping of major bounding surfaces within
the sequences, where major progradalions are marked by significant onlap surfaces,

The picture 18 comphcated by mupping of two significant voleanic "thicks’ or lobes,
one SE of Suduroy. bounded by the Judd and Westray NW-trending transfer zones.
and one duc east of the Faroe Islands, bounded by the Victory and Clair transfer
zones (Figs 4 & 53, These are interpreted to represent the sites of prograding “Gilbert
wype” hyaloclastite delas (Smythe er af. 1983 Kiorboe 1999).

Gravily mapping and modelling suggest that the major Iinear ‘reverse” polarity
feature immediately NW of the East Faroe High (Fig. 4) represents the limit of
progradation ol the LLF (which was erupted predominantly during a reversal of the
Earth's magnetic field). Loss of this feature to the SW and NE and its coincidence
with the interpreted lava delta lobes suggests significant sinearing out of the signa-
fure, possibly by greater basinward flow,

Palynoelogieal data acquired from (onshore) Faroe Islands exposures (see above)
indicate that the palaco-land surfuce was at a low altitude (sub 300 m} during the final
cruptive phases ol the ULF, and was relatively (at. Transferring this knowledge
ofTshore, we can flallen the seismic valeanic sequence and demonstrate Further major
volcanic progradations during late Middle and Upper formations times (Figs 4 & 5).
The latier progradation was laterally far-ranging, predominantly imvolving subaerial
facies (MORB-type?) lavas, extending across the Faroc-Shetland Basin (Figs 6 & 7).
This is in contrast to the hyaloclastite deposition of the LLEF and MLF materials into
waters interpreted to vary between 150m and 500m in depth (based on interpreted
delta foreset heights, Fig. 5).

The Faroe—Shetland Escarpment, which merges into the Victory Trunsfer Zone.
has a distinct seismic character, with a high amplitude top truncating underlying
inclined reflectors (Boldreel & Andersen 1994). The latter are interpreted to represent
progradational hyaloclastite MLF-equivalent clinoforms (Kiorboe 1999) which are
then overlain by subaerial facies MLF? and ULF flows {cf. Smythe er af. 1983:
Ritchie ¢ af. 1999) (Figs 6 & 7).

Well 20519-1

Hydrocarbon exploration Well 205:9-1 (Figs 5 & 6} penetrates ¢. 70m thickness of
basaltic rocks. Given the relatively poor quality of the seismic data available to tie
this well back (Lowards the NW) into the main offshore (Faroes) voleanic sequence.
we prefer to refer to the 205/9-1 lavas as bemg of Faroes association. with the pos-
sibility that they were erupted from a diserete. relatively local vent system,

The palvnofloras recovered from immediately beneath and between the lava ows
of Well 205/9-1 have a particular diagnostic character that is secn over a wide geo-
graphical area. They are dominated by aquatic and aguatic-marginal pollen and spore
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