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Foreword

This report is the culmination of an investigation by the British Geological Survey (BGS) and
Jarofeingi (the Faroese Geological Survey) on behalf of the fSireéand ConsortiurtFSC). The

principal thrust of this study is to determine the absolute age of the Faroe Islands Basalt Group (FIBG)
in and around the Faroe Islands, and the correlative volcanic units in the Inner Hebrides, northwest
Scotland and in Northern Ireland. Thigs achieved by radioisotope dating and the palynological
analysis of some of the interbedded sedimentary rocks. Some stable isotope analyses were also carriec
out. The spatial and temporal relationships of these badsadinated formations, which were ptad

as part of the North Atlantic Igneous Province (NAIP), are important in the hydrocarbon prospectivity

of the FaroeShetland Basin. This work draws upon the results of previous FSC projects, especially
Smith et al. (2013).
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Summary

The chronostratigraphy of the Faroe Islands Basalt Group, and thereby the entire North Atlantic
Igneous Provice, presents a lorgjanding controversy among government, industry and academic
stakeholders with activities in the FarBbetland region. The application of biostratigraphy,
magnetostratigraphy, radisotopic dating and seismic analysis have all failedagree on the
absolute age span of the volcanic province. The lack of an externally consistent chronostratigraphic
framework pose a risk to the hydrocarbon prospectivity in the economically importaniSreatbend

Basin.

This report provides a revieoif the onshore geology of the Faroe Islands Basalt Group and the British
Palaeogene Igneous Province, and the contrasting age models for the emplacement of the North
Atlantic Igneous Province are described in detail. New-pigidtision U/Pb zircon age det@nations

and palynological analyses of key stratigraphic sections from the Faroe Islands, Inner Hebrides and
Northern Ireland are given. Available magnetostratigraphic, biostratigraphic andsatdipic age
constraining data from the literature andstetudy are assessed. It is demonstrated in detail how
previous biostratigraphic interpretations, that constrain the collectivagsynbreakup eruptive
products of the NAIP to the late Thanetiaearly Ypresian (T4r45), are fundamentally flawed.

These interpretations have strongly influenced chronostratigraphic correlations between voleanically
saturated onshore basins and volcaniestifyved offshore basins, and the portrayal of interaction
between sedimentary and volcanic depositional processks Faroeshetland region. A consistent
multidisciplinary age model for the protracted emplacement of the NAIP is presented, including
absolute numerical age constraints and assessment of palynofloral assemblages from two key onshore
occurrences of thet&ffa Flora. The report also highlight the identification of remaining outstanding
problems regarding the absolute chronostratigraphy for Palaeocene to early Eocene formations and
sequences of the Far&hetland Basin.

vii
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1 Introduction

The Faroe Islands are located in the North Atlantic Ocean, southeast of Iceland and northwest of the
Shetland $lands Kigure 1). The islandsare dominated by theéhe subaerially exposed part of an
extensive succession of Palaeogene basalt formations known Bartes Islands BagaGroup

(FIBG) (Figure 2; Rasmussen and Nd¢ygaard 1969, 1970Passey andolley 20). The FIBG

erupted as part of the North Atlantic Igneous Province (N&i&t formed during the opening of the

North Atlantic OcearfFigure 3 andFigure 4; Saunders et al. 1997, Jolley and Bell 208®rey et al.
2007).The highly resistant basaltd the FIBGinfluence thehighly distinctiverugged landscape in

this remarkable archipelago efongate islandsvhich are mainly oriented NNV8SE Eigure2 and

Figure 5).

N  1:4,000,000

Faroe Islands

T Inner
& ¢
k Hebrides

5 ™
DA% =3
)

3 ~/ Y (

Figure 1 A geographical map, including territorial boundaries, of the Northeast Atlantic to the north of the UK and
Ireland illustrating the location of the three areas that were studied herein, i.e. the Faroe Islands, the Inner Hebrides
and Northern Ireland.
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The FIBG is known from dredge samples, offshore and onshore boreholes, and queragstein

1988) It covers avery wide area (>120 000 kfj) and extends into the Far&etland Basin over

200 km to the E and SE of the Faroe Islands (BjigThis volcanic groumgmormally dips to the SE

and is ca. 6.6 km thick. This assessment of thickness is derived from a composite measured section
of ca. 3.2 kmplus ca. 3.4 km proved by the Lopt&lA onshore boreholen Suduroy(Figure 2;
Chalmers and Waagstein 200®his important unit was deservedly formalised as a group by Passey
and Jolley (2009igure 3, Table1), who subdividedheir FIBGinto seven formationsréble1). Prior

to Passey and Jolley (2009the FIBG was subdividednto four, five and six informal
lithostratigraphical units by Rasmussen et al. (1956), Rasmussen andlyNaard (1970),
Waagstein(1988) and Ellis et al. (2002).

1D98000053

I:l Onshors Palaeogene lava fields \ m SVALBARD
I:l Offshore and Sill-complexes \‘\
I:] Seaward - dipping ' —
reflector sequences \ BARENTS SEA

=

Dyke swarm (onshore)
Magnetic anomalies

o

. Sub-marine igneous centres, seamounts

~~ “GREENLANDY
ICELAND 7

==

8 — v .-

~504,
1 Anton Dohrn 11 Erlend 21 Mentone 31 Sula Sgeir

2 Blackstones 12 Faroe Bank 22 Owlsgard 32 Swithin

3 Brendan (Shetland) 13 Faroe Bank Channel Knoll 23 Regin Smidur 33 West Erlend

4 Brendan (Ireland) 14 Fraenir 24 Rockall 34 West George Bligh
5 Darwin 15 Geikie 25 Rohan

6 Donn 16 Gondor 26 Rosemary Bank

7 Drekaegya 17 Hebrides Terrace 27 StKilda

8 Drol 18 Lundy 28 Sandarro

9 East George Bligh 19 Lyonesse 29 Sandastre

10 Eriador 20 Mammal 30 Sigmundur

Figure 3 The North Atlantic Igneous Province (NAIP) illustrating the geographical extent of offshore and onshore
igneous and volcanic activity (from Emeleus and Bell 2005, fig. 2).

The age architectureand spatial relationships of the FIBG have major implications for the
hydrocarbon prospectivity and the regional petroleum geology of the-Baeitand region and
surrounding area@.g.Ellis and Stoker 20141amilton and Minshell 2018 More gecifically, the
absolute age of the BG (Storey et al. 20QAVilkinson et al. 207), when considered in a regional
context, has major consequences for the regional testoaigraphical evolution of the Noghst
Atlantic, in particularbetween the Faroe Islasidand northwest Scotland. This turn, clearly
substantially impinges on the hydrocarbon prospectivity of éhdier and contemporaneous
sedimentary successioti@atunderliethe FIBG.

10



CR/18/031031 Last modified: 2018/04/24 09:26

Enni Formation

Sneis Formation

Malinstindur Formation

Hvannhagi Formation

Prestfjall Formation

Beinisvgrd Formation

Faroe Islands Basalt Group

Lopra Formation

Tablel The seven formations of the Falstands Basalt Group as defined by Passey and Jolley (2009). The major
three formations are in bold font.
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At present, the chronostratigraphy of the FIBG is controversisdummary,Schofield and Jolley
(2013)attributed the Lopra, Beinisvard, Malinstindur and Enni formations all to the early Ypresian
(~56.0 54.8 Ma) interval This conflicts markedly with the Selandian to YpregiaP61 54.8 Ma)

age assessment dfis succession byptorey et al. (2007) antMudge (2015). Thissubstantial
chronostratigraphicalonflict was recently discussed byoger et al. (2018igure 3), is summarised

in Figure 6 and is discussed in detail later in this report.

Figure 5 A montage of four photographs of typical Faroe Island landscapes to illestra glaciallyeroded
landscapes of the FIBG. A) The View from Hvannafelli on Suduroy. B) Malafossur in Gasadalur on the Island of
Vagoy. C) The islet of Tindhélmur. D) Tlaeger fjord is called Hovsvik and is on Suduroy, the small islet/holm is
calledHovsholmur.
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Figure 6 A stratigraphical chart to illustrate the substantially differing age models for the Faroe Islands Basalt Group,
after Schofield & Jolley (2013), Mudge (2015) and Stoker et al. (2018). The information on theS¥ettend Sill
Complex and the onset toffaceous activity, which are both highly relevant to the volcanic activity, is taken from
Mudge (2015), Schofield et al. (2017) and Watson et al. (2017). The timescale is based on Gradstein et al. (2012) and
the Fsequences are from Mudge (2015).

Therefore biostratigraphy, magnetostratigraphy, radiotopic dating and seismic analysis have
hithertofailed to provide a consensus as to the age of this important major unit (SmithGdt3al. 2
Kimbell 2014. Following critical review of both the radigotopc and palynological data it was
considered that considered uncertainty remained, due to interpretation of béfArtERar and
pal ynol ogi cal data, such that the data coul d
6 Mo d e Figure26h) Thé present studpims toplace the FIBG into an accurate and reliable
chronastratigraphical framework using radsotopic datingand palynology The radieisotopic
method to be used is-Bb zircon, and ndPAr/3°Ar whole rock analyses. The-Bb zircon strategy
uses an indirect approach to dating the basalts via analyses of zircon crystals in -tinepiean
sediments an approach that is prowg increasingly useful in other large igneous /flood basalt
provinces

This report summarises the data, interpretation and synthesis of that have arisen from the project.
Following on from Phase 2 efforts, and the various SINDRI supported studies &maptatd to
address the issues outlined above (&berlock et al., 20)0ve proposed to take a more regional
approach to the probleiin rather than focussing just on dating the basalts themselves, which is
challenging from a radisotopic dating perspeet, could we step back and develop a regional
chronostratigraphic framework using a set of robust constraints that directly and indirectly constrain
the geology of interest.

13



CR/18/031031 Last modified: 2018/04/24 09:26

The original project tasks are as follows:

A Radicisotopic dating of ~10 key sanes from a wider sample set (~30 samples). These
would be from both the FIBG and the BPIP.

A Palynological investigations of a key reference section in the Faroe Islands, selected
offshore wells in the Faroes area, and selected onshore sections fronetttéebndes
(Scotland) and Antrim (Northern Ireland) in order to help interpret the biostratigraphy.
(~190 samples)

A Compilation of published magnetostratigraphical data relevant to the localities used for
the biostratigraphical, radisotopic dating andtable isotope analyses.

A The analysis of ~100 s aHGgoig@rdentb atteneptltdo me n |
locate the Palaeoceéiteocene thermal maximum (PETM, ~56 Ma)

A Development of an integrated age model for the FIBG through integrated palynology
basel biostratigraphy, magnetostratigraphy, ragiotopic dating and stable isotope
analysis.

All task have been complete and the programme of work wasirekpanded during the projeot

include additional study areas (i.e., dating of tuff from the F&twetland Basin) and the number of
analyses undertaken has exceeded the amount planned. This report contains the background,
methods, results, data interpretation and synthesis of the project.

2 OverallBackground

The NAIP is a large igneous province centeva IcelandFigure 3, Saunders et al. 199During the
Paleogene, massive volumes of basalt isgee eruptedThis formed thé hulean Plateguvhich is
>1.3x16 km? in extent, and has a volume of ~6.6%k®. (Eldholm and Grue 1994The Thulean
Plateauwas fragmented during the opening of the North Atlantic. This breakup resulted in large
fragments in the Faroe Islands, Greenland Iceland, the Inner Hebridésyest Scotland, Northern
Ireland and NorwayThe NAIP haslsobeen termed thBrito-Arctic province and thefragments
around the British Isles are collectively knowntlasBritish Paleogendgneous ProvincéEmeleus

and Gyopari 199ZEmeleus and BeR2005.

The magmatism across the NAIP was dugh®Iceland Mantle Plumehich was initiated during

the latest Cretaceous (Schilling 1973). Magmatic activity continues today on Iceland and along the
Mid-Atlantic Ridge. However contemporary activity is sialogially less vigorous than during the
Palaeogene when up to 6 km of extrusive igneous rocks were erupted during the primary rifting and
the initiation of sea floor spreading. Much of the lava pile was subaerial due to the thermal doming
caused by the piuae.

In this section, the issues surrounding ¢heoncstratigraphy of thé-IBG, the central thrust of this
report, are briefly discusse@he motivation behind this endeavour is tHs¢ aige andhe spatial
relationships of the FIBG have major implicatidasthe hydrocarbon prospectivity and the regional
petroleum geology of the Far&hetlam region and surrounding areas.

At present, the chronostratigraphy of the FIBGasnewhatcontroversialamong the research and
industry communities that have activities in the FSB and bordering terrBiestratigraphy,
magnetostratigraphy, radisotopic dating and seismic analysis hall¢ailed to provide a consensus

as to the agspan of this importanmajor volcanic grou@nd its correlativegrigure 6; Smith et al.
2013; Kimbell 2014 There are severabatributoryfactors to this. Firstly, obtaining reliable eag
determinations from basalts is frequently very challenging. Basalts arpo@assium rocks which
have normally been subjected to lb@mperature alteration, argon loss, excess argon, and lack of
zircon saturation. Moreover, the interpretation of thakdfrelations can be difficult to precisely
determine. Secondly, radisotopic age data from the literature is often subjective in terms of its
interpretation. Finally, accurate magnetostratigraphy di#gpen absolute age constraints.
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As set out in 8ction 1, ProfessorDavid W. Jolley andcollaboratorscontend that the FIBG is
chronostratigraphically constrainemlthe late Thanetian to early Ypresiani(54.8 Ma) or thesarly
Ypresian (~56.054.8 Ma)(e.g.Passey and Jolley 2009, fig. 18; Schofield awitty 2013 Figure 3).
This view has been promulgated in several publicatighs et al. 2002, Jolley and Whitham 2004
and was justified by this group #&mrgely being supportedn the basis ofpollen biostatigraphy
However, the palynological basis for th&te Thanetiaiearly Ypresian agemodel hasbeen
challenged €.g. Riisager et al. 2002, Storey et al. 2007, Larsen et al).ZRadioisotopic data for
the FIBG and correlatives in the Inner HebrideslScotland span the Danian to Priabonian interval
(~62 to 34 Ma)as illustrated by Sherlock et al. (2010, fig. 18dyl Larsen et al. (2016igure 11).
Similarly, for example Mudge (2015)assigned the FIBG to tHgelandian to Ypresia@+?61 54.8
Ma) age.This situationwas recently discussed by Stoker et al. (26ib8re 3) and thdwo conflicting
hypotheseare summarised iRigure 6.

The lithostratigraphyf the Palaeogene succession west of Shetland, the Sullom Formation to the
Balder Formation, is welkstablished (Ritchie et al. 2011These five formations haveeen
subdivided into a sequence stratigraphical framework based on biostratigraphy, heaxgl min
analysis, lithofacies and sedimentology (Ebdon et al. 198fers and Carmichael 1999he

Sullom Formation to the Balder Formation succession is assigned to sequences T10 to T50 of Danian
to Ypresian age (Ebdon et al. 19%Gure 4, Passey and Jolley 2008igure 18).

3 Geological Background

In this section, the geological backgrodondnorthwest UK and the Fardglandsis outlinedin three
sectionsRegionally, diring thePalaeocendhe continental crust between Greenland and Europe was
influenced by a syimagmatic extensional tectonic regime associated with an early attempnto ope
the North Atlantic OcearnThe crust was extended, thickened and uplifted by the doming effects of
the Iceland Mantle Plume. Seafloor spreading was then initiated at thtlandic Ridge in the latest
Palaeocent early Eocenée.g. Pitman and TalwatB72,Schilling 1973; Ito et al. 1996

3.1 THE FAROE ISLANDS

The FIBG is an important constituent of the NAHure 2 andFigure 3). It comprises an extensive

and thick (~6.6 km) Paleogene basalt taeminated successian the Faroeshetland Basin, which

is one of the several rift basins on the margin of the northeast Atlantic Ocean. This important unit is
part of an extensive continental flood basalt province. The FIBG is dominated by extrusive and
intrusive igneous reks, and was first studied by Rasmussen and-Mygmard (1969, 1970).
However, most of the succession comprises subaerial basalt lava flows. More recent research has
centredon the geochemistry, geochronology and magnetostratigraphy of the basalts It andHa
Waagstein 1983, Vdagstein 1988, Riisager et al. 200R)ore recently, Passey and Jolley (2009)
presented a new and revised formal lithostratigraphic division of the FIBG, including the volcanic
section penetrated by the Logtaand 1A well (Fig. 2and Table 1).

The FIBG comprises three main periods of basalt lava eruption; these events produced the Beinisvard,
Malinstindur and Enni formations. The Lopra, Prestfjall, Hvannhagi and Sneis formations are
distinctly subordinate by comparison (Passey aoltey 2009 Figure 17). These three major units

were erupted onto a subaerial setting that extended from East Greenland through the Faroe Islands
and continuingsout-eastinto the Faroeshetland Basin. Thpre-breakupBeinisvgrd Formation is

~3250 m thick and exhibits a classic tabular facies architecture, and comprises a succession of simple
lava flows each of which comprises a single sheet lobe. Overlying thesBmidiFormation is the
lithologically distinctive Malinstindur Formation, which exhibits compotnndided facies between

~1350 m and ~1250 m. The Enni Formation is the uppermost unit and comprises both compound and
simple lava flows. This unit exhibits twarchitectures and facies, i.e. compound braided and classic
tabularclassic. The nature of the sheet lobes of the Beinisvagrd and Enni formations strongly suggests
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emplacement via inflation. Lava supply and eruptive style probably influenced the morpbictlogy
compound and simple flow successions of the FIBG (Passey and JolleyB2&03he Malinstindur
and Enni Formations were erupted during thelsygakup tectonic regime.

3.2 MULL AND SKYE, INNER HEBRIDES, NORTHWEST SCOTLAND

Material from tle British PdaeogendgneousProvince BPIP) of the NAIP was investigatduerein
TheBPIPlies along the west coast of Scotlafrdm Arran in the south to Skyend St Kildain the
north (Figure 7, Emeleus and Bell 2005, fid; King 2016, fig. 187) It comprisedarge areas of the
main islands in the Inner Hebrides and neighbouring areas agrbdextnto the adjacent mainland.
The varous units are oDaniariSelandiarto early Ypresian ag@igure 8, King 2016, fig 189).

Initially, fissurefed flood basalts were erupted episodically, #melse a@ separated by erosive
surfaces and sedimentary units. The next phase was the development of centralised volcanic
superstructures overlying intrusive plutonic centteg ¢entral complexes) with NWSE trending

dyke swarmsTheBPIPi s one of the worl dodés cl assic areas
complex rocks crop out in restricted subcircular areas abokinl®ide and represent the eroded
roots of major central volcanoes which were relatively skvet (~1 Myr) (Figure 8 andFigure 9).
The basaltic lavas became more evolved a8Bi€ developd (Emeleus and Bell 2005)
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Figure 8 The age relationships of Paleogene igneous units in the British Palaeogene Igneous Province according to
Mussett et al. (1988) with additional radisotope determinations (Emeleus and Bell 2005, table 8). The
magnetochrons are 26N and 26R excepttfa Skye Central Complex which could extend to 24R (after Emeleus and
Bell 2005, fig. 8).

3.2.1 Mull

The island oMull lies close to the centre of thPIP (Figure 7 andFigure 9). ThePalaeogene igneous
succession follows the familiar pattern of extrusive basalts overlain by a central cqrigple).

The Mull Lava Group(MLG) is dominated by tholeiitic basalt and is around 1800 m thick. It
comprises three basaltic formations, the Staffa LaMal) Plateau Lavaand Mull Central Lava
formations TheMLG crops out extensively tbughout northern, western and coastal southern Mull
in addition to several islands to the west and the mainland to the east as well as (H#igivers.

The flatlying basalts produce wetleveloped trap topography including mountains such as Ben
More.

TheGribun Mudstone Member of tf&taffa Lava Formatiois a thin sedimentary unit, and represents
the lowermost subdivision of the MLG. This is overlain by sevirals of columnar tholeiitic basalt

and which include the Ardtun Conglomerate Member (see subsection JHe3)verlying Mull
Plateau Lava Formatiocomprises two units, the Ben More Main and the Ben More Pale members.
Theuppermost unit, th&lull Centrd Lava Formation is largely olivinpoor tholeiitic basalt and is
largely present in anground the Mull Central Complex (Emeleus and Bell 2005, table 15).
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Figure 9 Thenorthern part of the British Palaeogene Province between Mull in the south and Skye in the north
illustrating the central complexes, lava fields (with the five main units) and the Camasunary and Skerryvore faults
(from Emeleus and Bell 2005, fig. 9)

3.2.2 The Ardtun Leaf Beds

The Staffa Lava Formation was defined by Williamson and Bell (28i&)vas assigned to the early
Selandian (chron 26r) by King 2016 (fig. 18%)is the oldest major unit in the peStetaceous
succession on Mull, and comprises sevensuaittholeiitic columnar basalt lava flows (Al to A7)

with seven thin sedimentary units interbedded between thigme(10; Williamson and Bell 2012,

fig. 2). Radioisotopic {°Ar/*°Ar) dating of the associated basalts has been undertaken by Evans
(1969), Mussett et al. (1972), Curry et al. (1978), Mussett (1986), Chambers and Pringle (2001) and
Ganergd et al. (2010). The lowermost basalts were dated at 60 + 0.5NUessbstt (1986); this was
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recalculated to 60.88 = 1.16 Ma by Ganergd et al. (2010). Chambers and Pringle (2001) obtained an
age of 60.5 £ 0.5 Ma. Hence the consensus of the publishedigattipic ages is that the earliest

lavas in the Staffa Lava Formati@re late Selandian in age based on the time scale of Gradstein et
al. (2012).

The relatively thin intertrappean sedimentary successions below volcanic units A2 and A7 are
collectively termed the Ardtun Conglomerate Membfenst reported byCampbell (1851). The

Ardtun Conglomerate Member is between 4 and 17 m thick, and is dominated Hye#nrig
conglomerates and sandstones. It represents alluvial fan, fluvial channel/overbank and shallow
lacustrine depositional settings (Brown et al. 2009). Ovethi§ sedimentary succession was
deposited in a shallow, temporary lakatwas partially surrounded by marshy areas. Clastic material
and plant debris were swept into the lake by local drainage systems, and lava occasionally flowed
into the lake, produci pillow structures. The energy levels of fluvial input to the lake varied
profoundly, the three separate leaf beds represent relatively quiet intervals characterised by low
sedimentation rates. The unit was comprehensively described and illustratedidoyn¥dih and Bell

(2012, p. 3238).

Composite Vertical Section through the Staffa Lava Formation

Genetic Lithologies / lithofacies lllustrative Figures
Sequences in Williamson & Bell (2012)|
Plateau Formation

Lava flow, variably developed colonnade; complex entablature; 40b; 42

lobes & tubes; ¢. 15m

Volcaniclastic sandstone; thin palaeosol; < 1m 40b;

2-tier columnar-jointed lava flow; c. 10m 20; 40a 40b 41; 42; 46

Ardtun Leaf Beds; overbank coals; 4.3-17m | 29: 40a 40b 42; 43; 44

Compound and complex associations of columnar-jointed lava flows; flow- | 22b; 25; 28; 31; 32; 33; 34;
. . . o M : 35; 36; 37; 38; 39; 40b

& hyaloclastite-breccias; localised pillow facies lavas; Staffa section;

MacCulloch’s Tree section; ignimbrite in Carraig Mhor section; c. 35m

Breccias, tuffs, lapilli tuffs; h i ilici { & peperites; 5-10m | 22a; 23; 25; 26; 27; 31; 40a

Lava flows, mostly with well developed columnar joints; locally flow-breccia| 17:21
-dominated; Carsaig Tree; c. 50m

Siliciclastic injecti i coals & non-marine limestones; 1-2m | 17; 18; 19; 20

Thick columnar-jointed lava flow(s), passing laterally into flow- and 15
hyaloclastite-breccias with thin flow units; pillow facies; ¢. 60m

Ferralitic mudstone and palaeosol; c. 0.5m 15

Varied thickness and varied lithofacies with one or more columnar-jointed | % 1314
lava flows; locally ponded and intimately associated with various flow- &
hyaloclastite-breccias; some pillow lavas; passes laterally into flow-breccia
-dominated facies; c. 75m

Fluvial & debris-flow volcaniclastic & sil i Pulpit Rock; ¢. 10m | 9 10; 11; 12
578

Columnar-jointed lava flow; lateral variations include rubbly amygdaloidal
flows capped by welded spatter; vent proximal facies volcanic products;
up to 45m

50m

Highly variable range of lithologies; conglomerates through to mudstones; 1-2m 6,8

[:] Sedimentary Units (thicknesses not to scale)

[ Volcanic Units (thicknesses to scale)

Composite thickness: ¢. 300m

Figure 10 A summary of the lithostratigraphy of the Staffa Lava Formation in the Mull Lava Field (after Williamson
and Bell 2012, fig. 2).

The Ardtun Leaf Beds are an informal lithostratigraphical unit within the Ardtun Conglomerate
Member comprising three separptantfossil bearingbeds intercalated between conglomerates and
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sandstones (Williamson and Bell 2012, figs. 2, 4Begcketed Y units A5 and A6 in the upper part
of the Staffa Lava Formatioizach of the three Leaf Bedsup to ~1 mthick consistingargely of
mudstone and silty sandstone exposed in coastal cliffs and gullies Ardtha Peninsula, north of
Bunessan and east the Ross of Mull in southwest MulFigure 11). The lowermost Leaf Bed is
underlain by a thin coal which passes down into a thin, pale palaeosol with roots, whitirms
underlain by volcanic unit A5 (Bailey et al. 1924).

It was quickly realised that the abundant angiosperm plant fossils in the Ardtun Leaf Beds may allow
biostratigraphical dating of the sedimentary rocks and the associated basalts. Major publarati
the Ardtun Leaf Beds and associated strata are Bailey et al. (1924) and Skelhorn (1969).
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Figure 11 A simplified geological map of southwest Mull to illustrate the location of the Ardtun Leaf Beds on the
Ardtun Peninsul a, north of Bunessan and Carraig Mhor,
Bell 2012, fig. 4a). The PulpitRotle s centrally bet ween Malcol més Poi

The Ardtun Leaf Beds contain angiospermous plant fossils, mainly fruits, leaves, pollen and seeds.
The macrofossils can be relatively common and extremelymetierved (Campbell 1851, Boulter

& Kvacek1 989) . Leaves are especially prominent a
floras from the Palaeoceftto c ene transi ti onal interval 6 by
represents a temperate palaeoclimate based on the plants, which arentlgniiees, and include
Corylus(hazel),Ginkgo(maidenhair treeRlatanus(plane) andQuercusg(oak) (see Skelhorn 1969).

Other fossils include arthropods and molluscs (Gardner 1887, Edwards 1922, Zeuner 1941, 1944,
Cooper 1979, Jarzembowski et al. 2010

The biostratigraphy of the plants and pollen of the Ardtun Leaf Beds has been widely discussed in
the literature. The macrofossils were originally assigned a probable Eocene age by Seward and
Holttum in Bailey et al. (1924). Research on the pollen askayas has provided a variety of
conclusions. The first interpretation was Miocene or Early Pliocene (Simpson 1961). This was revised
to latest Cretaceous (Maastrichtian) by Srivastava (1975). Both the previous studies were correctly
deemed to be inaccueaby Boulter in Curry et al. (1978), who invoked a Paleocene age.

21



CR/18/031031 Last modified: 2018/04/24 09:26

Bell and Jolley (1997) and Jolley (1997) placed the Ardtun Leaf Beds in the earliest Ypresian (~55
Ma) using an interpreted correlation to some wekstrained assemblages in the FeBbetand

Basin. However, this age assessment has proved controversial. Kerr et al. (1998, 1999) stated that
Bell and Jolley (1997) had made the assumption that the initiation of Paleogene volcanic activity on
Mull also at ~55 Ma (early Ypresian). This is clgaubstantially (~5 My) younger than the reliable
radio-isotopic (*°Ar/3°Ar) ages of the basalt lavas published by Mussett (1986) and Chambers and
Pringle (2001), which was ~60 Ma. Assuming that the lowermost basalt lavas in the Staffa Lava
Formation arenot significantly older than the Ardtun Conglomerate Member, the latter is probably
~59 Ma (i.e. early Thanetian). Furthermore, King (2016, p. 5¢efiled five specific apparent
problems with the pollebased biostratigraphical age assessment of earlessian for the Ardtun

Leaf Beds. These are largely the ouderpretation of certain taxa, for example the presence of
commonMonocolpopollenites tranquillusas used to justify thearliest Ypresian age interpretation.
However this species is also peat in significant proportions in the late Selandian and early
Thanetian (Gruaf€avagnetto 1972, Grud3avagnetto 1976, Eldrett et al. 2014).
Monocolpopollenites tranquillusas also been reported from the latest Cretaceous (Herngreen et al.
1986).

Thepd | en association from the Ard#twymelL oafl yBeodd
Jolley et al. (2002), and interpreted this assemblage as a hyperthermal biota which is characteristic of
the relatively brief (~170 Ky at ~56 Ma) PaleocieBecere Thermal Maximum (PETM). The latter

aut hors st at e dypetpalydfloradrdcbvered $rona KMl as typified by common
Caryapollenites veripitegnd Platycaryapollenites platycaryoidés. . 6 (Jol | ey et a |
However, Aubry et al. (2003)ated that these pollen species were not recorded from Mull by Jolley
(1997). They are also not recorded in this study (section 4.1.4). Hence it appears that ttgp8taffa
palynoflora of Jolley et al. (2002), while being a valid marker for the PETM sisrailin the Ardtun

Leaf Beds. Aubry et al. (2003) and Wei (2003) have heavily criticised the chronostratigraphical
conclusions and the correlations proposed by Jolley et al. (2002). Indeed, the former authors stated
O0We view Jol | ey thratamadabradion by(ugtdo B Nypf curréndyiadopted time

scales to be without foundation, a result of selective use and misinterpretation of geochronologic data
and undue reliance on i mprecise and u003,pbst ar
468). The secalled recalibration proposed by Jolley et al. (2002) has not been adogpedarchers

in this area, and was further substantiallyiquéd by King (2016, p. §@1).

In conclusion, the age assessment of early Ypresian by Belbdiegl (1997) and Jolley (1997) based

on their pollen data is not supported lerélsing the records reported from the Fagbetland Basin

in Bell and Jolley (1997), it is clear that the Ardtun Leaf Beds are earliest Thanetian or older and this
negateste o6 mi scal i br at i on éadicasbtopicdge datesadbcymeatédanglolleya |
et al. (2002). King (2016, p. 570, fig. 22) stated that the absernCargépollenitesand Momipites
indicates a correlation with the Paleocene Palynoflora 1 Z¢Re1).

3.2.3 Skye

Skye is at the northeast extremity of the HIC andréhevantsuccession compriséise Skye Lava
Group which isSelandian in age and overlain by fourThanetian to Ypresiagentral complex
succession¥(ing 2016, fig. 189)The Skye Lavasroup belongs tthe Skye Main Lava Seriesd

is largely comprised of alkali basalts, hawaiites and mugeé@tdtell 1989) It forms the Skye Lava
Field of north and westentral SkyeFigure 12 andFigure 13). Much of its southern outcrop virtually
surrounds the Cuillins Central Complex, and this unit extends south to sevethdr islands such
as Canna, northwest Rum and Sandaguie 9). It is thought to be middle Thanetian in age (Jolley
1997, Bell and Williamson 2002However King (2016, fig. 189) placed this unit in the late
Selandian.
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Figure 12 An outlier of tholeiitic basalt lava belonging to the Talisker Formation of the Skye Lava Group at Preshal

Beg, southwest Skye. The Talisker Formation is the youngest unit of the Skye Lava Groupantre¢Skye and

overlies the Preshal Bégonglomeratean intertrappean sedimentary unit which was sampled in this study (Emeleus

i s

and Bell 2005, table 9). The Skye Lava Group
image. BGS photograph P580466.
SKYE LAVA GROUP VOLCANIC UNITS OF

ANDERSON & DUNHAM (1996)
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Figure 13 The units of the Skye Lava Group in westtral Skye and the five intrabasaltic palaeosurfaces (E1 to E5) of
Jolley (1997). The five palaeosurfaces are also correlated with the equivalent units of Anderson and Dunham (1966).

After Jolley (1997, fig2)

This major group is subdivided into sevaualts (Figure 13; Jolley 1997, fig. 2King 2016, fig. 188)

ranked as groups and formations\Williamson and Bell (1994but reclassified as formations and

membergespectively by British Geological Surve3000) and Emeleus and Bell (20@&ble 9. The

Skye Lava Group of westentral Skye is difficult to correlate with this unit in northern Skye, however

King (2016, fig. 188) gave a speculative summary.
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Jolley (1997) designated five intertrappean sedimgrsiaccessions within the Skye Lava Group as
palaeosurfaces E1 to EbBigure 13). These units are mainly documented in wesitral Skye and
represent intervals of esimn, nommarine sedimentation and pedogenesis. Therefore, as originally
defined, they are sedimengasuccessions and not surfaces.

3.3 NORTHERN IRELAND

Northern Ireland lies to the south of tB&IP (Figure 8) and wasalsoaffected by the plumeelated
doming and volcanism. Here basaltic lavas were erugteldformedthe geographically extensive
Antrim Plateau and its offshore equivale(rtigure 14, Bell and Jolley 1997)These lavas are termed

the Antrim Lava Group which overlies the earliest Palaeogene Danianmw@ta¥lints unit. The

Antrim Lava Group comprises The Lower Baséiterbasaltic and Upper Basalt formoeats, which

have beeratedas Seelandian to Thanetian (&8 Mg (Figure 15; Mitchell 2004, table 14.1). The
Lower Basalt and pper Basalt formations represent two cycleissureeruptionof olivine tholeiite

basalt lavas. Effects of fractional crystallisation of the parent magma in the uppermost part of the
Lower Basalt Formation are evident. The Interbasaltic Formation ceespmtensely weathered,
lateritised basalt from the Lower Basalt Formation. The Interbasaltic Formation thus represents a
relatively short interval of sutropical weatheringThe detailed stratigraphy and geographical
distributions of the three formatisrnwas described in det&y Mitchell (2004, p. 167178).

Rathlin Island

Giant's Causeway Y, Carrickarade Colour scheme used in this figure
~ \ K

is explained in Table 14.1, except:

Lough Neagh Group

Uncoloured areas are
pre-Palaeogene rocks

© Borehole

A

Figure 14 A sketch geological map of the Antrim Lava Group in Northern Ireland (from Mitchell 2004).
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Figure 15 Thegeochronology and lithostratigraphy of the igneous rocks of Northern Ireland including the Antrim Lava
Group (from Mitchell 2004).

4 Palynology

In this section, the palynology of material collected in the Inner Hedriborthern Ireland and the
Faroe Islamls is describetelow.

41 MULL, INNER HEBRIDES , NORTHWEST SCOTLAND

Four |l ocalities on the Brolass Peninsula of s
Point and the Pulpit Rock, were sampled (Fi@s.16). In total, 15 samples were collectedrfrthe

four sedimentary unitassociated with units A2, A4, A5 and A6 of tBeaffa Lava Formation
(Williamson and Bell 2012, fig. 2).In summary, only the Ardtun Leaf Beds at Ardtun Head (unit

A6) yielded relatively common palynofloras which, taken idason, are indicative of a probable

early Thanetian age (subsection 4)1. The samples from Carraig Ml
Pulpit Rock produced barren or extremely sparse palynomorph associations, and detailed age
assessments are not feasible.

4,1.1 The Pulpit Rock, Carsaig Bay, south Brolass, southwest Mull

Two samples of the Ardtun Conglomerate Member, MPA 68171 and MPA 68172, from a siliciclastic
succession which overlies volcanic unit A1 were collected from the Pulpit Rock, west of Carsaig Bay,
southBrolass, Mull (Williamson and Bell 2012, figs. 4d,i13) and studied for palynomorphs. This
sedimentary unit is an intertrappean bed ~10 m thick between volcanic units A1 and A2 of the Staffa
Lava Formation (Williamson and Bell 2012, fig. 2).
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Pulpit Rock® ™ i121c01ms Point

Figure 16. Sample localitiesn Mull.

Sample MPA 68171 is of a coargeained sandstoreonglomerate close to the contact with the basalt

of volcanic unit A1, within sedimentary unit C1 of Williamson and Bell (2012, figs13) It yielded

an extremely sparse palynoflora. Fungal material is present to common, and the only recognisable
palynomorphs are very rare specimens of the pollen spéuéggerturopollenites hiatusand
undifferentiated smooth trilete fern spores. This assemblageday key biostratigraphical markers.

For example]naperturopollenites hiatubas its inception in th€retaceous and is extaWtn age
determination ishereforenot possible.

Sample MPA 68172 is from a dark grey/green sandstone close to the topigtitdrecoloured unit
C2 of Williamson and Bell (2012, figs. 103) and proved entirely devoid of palynomorphs. An age
determination is precluded.

412 Mal col més Point , south Brol ass, sout hwest

Three samples from coals and a conglomerate at the base A#uwfi Williamson and Bell (2012),
i mmedi ately overlying unit A3 wérlkI16cTableAd).ct ed
These all proved entirely devoid of palynomorphs, hence an age assessment is not possible.

4.1.3 Carraig Mhor, Carsaig Arches, southwest Mull

At this locality Figure 10, Figure 11, Figure 16), five samples of sandstone and siltstones at the base of
unit A5, overlying unit A4, were taken. All the horizons were barren of identifiable palynomorphs,
hencea biostratigraphical age cannot be attributed on this basis.
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4.1.4 The Ardtun Leaf Beds of Ardtun Head, north Brolass, southwest Mull

The Ardtun Leaf Beds, at the base of unit AG\6lliamson and Bell (2012)ere sampled at Ardtun
Head, north Brolass, southwedtll (Figure 10, Figure 11, Figure 16, TableA2). Five samples were
collected from this locality, which was preusly sampled by Simpson (1961), Phillips (1974),
Srivastava (1975) and Jolley (1997); all five of the horizons yielded palynomatiptre (7). The
palynofloras wereelativelysparse, and the preservation was generally poor. Counts yielded between
35 to 92 specimens, and 21 taxa were recorded.

The dominant elements are leranging gymnospermous pollen grains; these are undifferentiated
bisaccate pollen attributabléo the Pinaceae (pine family) ankhaperturopollenites hiatus
(Glyptostrobusor Metasequoig The gymnosperrivionocolpopollenites tranquillué=Cycadopites
shiabensiy is also very common. This abundance is anomalous and probably reflects local
environmental conditions becaugenocolpopollenites tranquillus stratigraphically longanging.

The pollen floras also contain relatively rare members of the family Beada(arch) (i.e.
Alnipollenitesspp., Triatriopollenitesspp. andTriporopollenites mullens)s representatives of the
family Juglandaceae (walnuts) (i}&omipitesspp. andPterocaryapollenites stellatysand long
ranging tricolpate pollenThese are altratigraphcally extensive genera which are typical of the
British Palaeogene Igneous Province [BP The fungal palynomorplPesavis tagluensis present;

this is an Eocene marker in the Arctic, but has a Palaeocene first occurrence at lower latitudes.
Reworking from the Carboniferous and Jurassic is also common.

The only important taxon that is absent from an otherwise typical high latitude Palaeocene floodplain
deposit is the genuBaryapollenitespp. The lack o€aryapollenitespp. from these poltefloras is
therefore somewhat surprising. This important fg@mus was also not observed by Simpson (1961),
Srivastava (1975) or Jolley (1997) from Mull. In the central North Saayapollenites circulus
(=Caryapollenites simplgxand Caryapollenites wapites are important markers from the latest
Thanetian to early Ypresian (Schroder 1992; Kereteal. 2012 Eldrett et al. 2014). The genus
generally is indicative of the ?mid Thanetian to earliest Ypresian. However well-82/11 the
Nelson Field ofthe Central North Sea has yielded low but consistent proporticdDargépollenites
simplex, Caryapollenites triangulasdCaryapollenites veripites the middle Thanetian uppermost
Andrews Formation and lowermost Lista Formation (Eldrett al. 2014). Tk acme of
Caryapollenitesspp. approximates to the Paleoddbecene boundary (PETM). Hence the absence
of Caryapollenitesspp., and the dominance of gymnosperms, is inconsistent with the Paldeocene
Eocene transition. Moreover, the absenc€afyapollenite, together with the presence of typical
elements of highatitude floodplain floras, strongly suggests an older age.

The only taxa with any stratigraphical significance are the fungal speessvis tagluensiwhich

has a single occurrence, and has disen recorded by Jolley (1997) from this locality, and
Labrapollis labraferiodeshat has two occurrences herein. The latter pollen species was observed by
Simpson (1961) and Srivastava (1975) from MullEagelhardtioidites granulatandEngelhardtia
granulatug. Pesavis tagluensis an important marker in Arctic Canada for the Eocene and has a
range zone based around its common occurrence (e.g. Norris 1997). The age range in the UK is
unknown and in North America is appears in the Middle Palaeocéme iower high latitudes before
appearing in the Eocene in higher Arctic latitudes (Rouse 1977, Lund 1989).

Labrapollislabraferiodeq=Triporopollenites granulatysvas also observed in the Artun Leaf Beds.
This speciedirst appears in North America imé DaniainSelandian (Leffingwell 1971), and is
present consistently in the late Selandearly Thanetian on the US Gulf Coast (Elsik and Crabaugh
2001) and in the late Thanetian in Wyoming (Pocknall and Nichols 1996). In the central North Sea it
is an imprtant marker for the Paleocéicene boundary (e.g. Schroder 1992, Elaredt.2014),

and coincides with the presence of the dinoflagellate cyst spApiestodinium augustur(see
Schréder 1992, Eldre#t al.2014). Its total range in the North Seariid Thanetian to the earliest
YpresianLabrapollis labraferiode$eatures in most palynomorph biozonations throughout the North
Sea area. The only record of this pollen species outwith the Palé&oseae Thermal Maximum
(PETM) in the UK is that of Jdy and Morton (1992) from a lignite immediately underlying a tuff
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in the uppermost Andrews Formation. This indicates its presence around the middle Thanetian in the
North Sea region; the range base is unknown.

The pollen genudontanapolliswas recordedrbm the Ardtun Leaf Beds of Mull by Srivastava
(1975) and the latest Paleocene (Thanetian) of the Faroes (Lund 1989). This taxon was not found in
this study. This distinctive, large pollen is present in Arctic Canad2easella (see Rouse 1977,
Mcintyre 1991, 1994; Kalkreuth et al. 1996; Norris 1997; Harrington et al. 2012). In the Arctic, it is
present from the early Ypresian from betweenehdof the PETM and prior to thEarly Eocene
Climatic Optimum(EECO) event (Harrington et al. 2012). The aggeanfMontanapollisin the UK

is not known with certainty. It is rare in the North Sea, however, Jolley (1997) recorded the genus
from the lower Sele Formation in the North Sea, which is of probable Thanetian age.

The most parsimonious interpretation foe age of the Ardtun Leaf Beds is that this unltianetian

in age More specifically, the absence Garyapollenitess significant because this form genus is
normally ubiquitous in the fossil record following its inception in the mid Thandtabrapdlis can

be older than earliest Ypresian, and the age ranlyofanapollis(=Derviella) is not known in the

UK. Otherwise, the pollen assemblage is consistent with late Paleocene floras from the Arctic
(Mcintyre 1989). The Ardtun Leaf Beds floras confatonthe BritaArctic assemblage of Boulter
and Kvalek (1989) and Boulter and Manum (1989
the Paleocerni&ocene boundary as argued by Bell and Jolley (1997) and Jolley (1997). This is
because the absence,pmofound rarity, of gymnosperms is a key feature observed from the Arctic
south to the middle latitudes and also from montane basins at this time (Wing and Currano 2013).
The predominance of gymnosperms in Mull is therefore completely inconsistent wisth t
phenomenon. FurthermoK@aryapollenites circulug=Caryapollenites simplgxandCaryapollenites
veripitesare abundant and increase in proportion markedly inPtdaeocerideocene boundary
interval. This is a welestablished acme event (Schroder 1992; Keeidr2012; Eldretet al.2014).

The absence of both these specieSarfyapollenitestrongly suggesthat the Ardtun Leaf Beds are

older than middle Thanetian, i.probably early Thanetian in age. However, radioisotopic dating of
the Ardtun Leaf Bed in this study is indicative of a Selandian age, i.e. older than Thanetian (section
6.1.1). This absolute age dating has thus provided a calibration to the polleatigosphy.

Reworking of dinoflagellate cysts, pollen and spores from the Jurassic was occasionally noted but
this was not examined in detail; this phenomenon was previously recorded by Phillips (1974).

4.1.5 A biostratigraphical overview of the samples from Mull

The 10 samplestakenfrodhar r ai g Mhor, Mal col més Point and i
a biostratigraphical age due to their sparsity. By contrast, the pollen assemblages fAodiuhe

Leaf Bed strongly indicate that this unit is older thaiddie Thanetian, hence probably early
Thanetian in age. However, rad&otopic dates from this succession are indicative of the Selandian

and this geochronological assessment provides a reliable calibration for the pollen biostratigraphy.
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Figure 17 Palynology of the Ardtun Leaf Bed.
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4.2 SKYE, INNER HEBRIDES, NORTHWEST SCOTLAND

Five localities with intertrappean sedimentary rocks developed within the Skye Lava Group on Skye
were sampled. Four of the sites, Carbost Burn Waterfall, Berag, Preshal Beag and Preshal Mhor,

are in the westentral Skye lava field between Loch Harport and Loch Eynort in the southwest of the
island. However, Camas Tianavaig is in easttral Skye close to the Sound of Raasuyuie 9,

Figure 18). A total of 19 samples were collected from palaeosurfaces E1, E3, E4 and E5 of Jolley
(1997) (TableA3).

Of the 19 samples collected, only nine produced palynoflaras. All the nine-pekgng horizons
yielded sparse assemblagi®t are not agealiagnostic. The absence of key markers such as
CaryapollenitesasndMomipitesprecludes age assessments of this material on palynological grounds
(see subsection 4.2.5).

Dunn'Beag® near Camastianavaig®

Carbost Burn waterfall@
W of Preshal Mhor®

Preshal Beag® SKYE

Below An Carnach®

Figure 18 Sample localities on Skye.

4,2.1 Near Camas Tianavaig, Sound of Raasay, east central Skye

Two samples of sandstone from the Palagonite Tuff Plant Beds at this locality were cofigated (

18 Table A3). This ispalaeosurface E1 of Jolley (1990nly one of these, MPA 68200, yielded
palynomorphs, however this was an extremely sparse assemblage. Fungal material is present, in
addiion to very low numbers of pollen grains. The latter ahMnipollenites verus,
Inaperturopollenites hiatus, Laevigatosporites haardtii, Triatriopollengpp. (undifferentiated),
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Tricolpites hiansand Triporopollenites mullensislhe sparsity of this ass#lage, coupled with the
long-ranging nature of these pollen taxa, means that a detailed age determination is not possible.

4,2.2 Carbost Burn Waterfall, Carbost, southwest of Loch Harport, west central Skye

Of the three samples collected frgalaeosurface E¥ dolley (1997)below the Fiskavaig Group at

this locality, only one, MPA 68192 produced palynomorpkigufe 18, Table A3). This shaly
sandstone yielded an extremslyarse palynoflora. It contains fungal material and spores, together
with small numbers of specimens of pollen attributablestevigatosporites haardtiAnother sparse
element ispotentially the pollen genukricipites, although these specimens may bedern
contaminants ofCalluna vulgaris (= common heather) Other contaminants were present.
Furthermore, six specimens of indeterminate sporomorphs and a single specimen of an indeterminate
dinoflagellate cyst were observed. The sparsity of this assemblagi¢he long stratigraphical range

of Laevigatosporites haardtineans that an age determination is not possible.

4.2.3 Dunn Beag, north of Loch Harport, west central Skye

Four of the five samples, largely siltstones, collected from the Eynort FormabamatBeag, near
Loch Harport, yielded extremely sparse palynomorph residugse(18, TableA3). These samples
are all from palaeosurface E4 of Jolley (1997). OMIA 68197 proved barrerSamples MPA
68199,MPA 68198,MPA 68196 andVIPA 68195 produced palynomorph associations similar in
character to the sample from Carbost Burn Waterfall (subsection A Be23amples produced fungal
material, together with low nurebs of pollen grains. The latter are bisaccate poitetgterminate
pollen, Laevigatosporites haardtii, Triatriopollenitespp., Tricolpites hiansand Triporopollenites
mullensis.Additionally possible specimens dricipites were noted, buthese may benodern
contaminants@alluna vulgaris= common heatherSome other contaminants are noted, but these
are not determinable. The lomngnging nature of the identifiable pollareans that an age assessment
is impossible.

4,2.4 Preshal Beag and Preshal Mhor, Skye

Nine samples were collected from the Preshal Beag Conglomerate Formation from Preshal Beag and
Preshal Mhor in west central Skye, WSW of Talisker Bagu(e 18, Table A3). The Preshal Beag
Conglomerate Formation palaeosurface E5 of Jolley (1997). Eight of the samples are from Preshal
Beag, but MPA 68190 was collected from west of Preshal Mhor. The latter proved palynologically
barren.Three samples from the eight horizons collected at Preshal Beag yielded palynomorphs. These
are MPA 68183, MPA 68184 and MPA 68189; the remainder were devoid of organic microfossils.
The three productive samples contain extremely sparse assemblagesnaloidé some modern
contamination. However, stratigraphically leranging indigenous taxa suchAdsipollenites verus,
bisaccate pollerDeltoidosporaspp.,Inaperturopollenites hiatuandPterocaryapollenites stellatus

are present in very low numberdl these forms infer no biostratigraphical information.

4.2.5 A biostratigraphical overview of the samples from Skye

The pollen and spore flora in the nine productive samples from Skye contain a very sparse, low
diversity in-situ palynoflora comprising stratigphically longranging taxa. The most abundant
elements of this palynoflora are gymnosperms such as undifferentiated bisaccate pollen (Pinaceae),
andInaperturopollenites hiatugMetasequoia, GlyptostrobusThe remaining pollen are typical of

the British Palaeogenelgneous Province (BIP). These include include Betulaceae pollen
(Alnipollenitesspp., Triatriopollenites spp. andTriporopollenites mullens)s Juglandaceae pollen
belonging toMomipites spp. andPterocaryapollenites stellatu@Preshal Beag onjy and long

ranging tricolpate pollen.

The important pollen taxa that are absent from an otherwise typical high latitude floodplain
depositional setting here a@aryapollenitespp. andviomipitesspp. Of theseCaryapollenitespp.
is an important forrgenus, and was not recorded by Simpson (1961), Srivastava (1975) and Jolley
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(1997) from Mull. In the central North Se@aryapollenites circulug= Caryapollenites simplex
herein) andCaryapollenites veripiteare important markers for the latest Thanetiaearly Ypresian
(Schroder 1992, Kendext al.2012 Eldrettet al.2014). However, well 22/tN1 from the Nelson
Field in the central North Sea clearly demonstrates @Glaayapollenites simplex, Caryapollenites
triangulus and Caryapollenites veripitesire consistently present in low numbers in the middle
Thanetian. This corresponds to the uppermost Andrews Formiaticgrmost Lista Formation
interval within Shell zone RT5.2.5 (Eldretet al.2014). Despite this, the acme @&ryapollenites
Spp. approximies to the Paleocengocene transition.

According to Nayloret al. (1999, fig. 4), the range top ®&lomipites tenuipoluss in the Middle
Thanetian Lamba Formation with a second reappearance around the Th&wsdtiadian boundary

in the FaroesShetland aga. Jolley and Morton (1992) reported comnwomipites tenuipolugom

a questionably Lower Thanetian lignite which immediately overlies the Andrews Formation in
Borehole 82/15. Eldrett al.(2014) demonstrated that the range toMomipites tenuipolus latest
Thanetian age (Shell zones B9.1.2 and 19.1.1) based on records from the lowermost Forties
Sandstone Member of the Sele Formation.

The absence of samples with abundant and diverse palynofloras which include key markers means
that no age determations can be assigned to any of the nine productive samples from Skye. The lack
of key markers which are used in the Biicctic region such a€aryapollenites, Labrapollisnd
Montanapollismay be due to poor preservation or-aglated factors. These factors could also apply

to the absence dflomipites tenuipolus

4.3 NORTHERN IRELAND

Eleven samples were collected from the Antrim Lava Group and the immediately underlying Clay
with-Flints from five localities in Northern Ireland in July 2017 by Mark R. Cooper and Robert J.
Raine of the Geological Survey of Northern Ireland (GSNI) (TAldle Upon standard palynological
preparation, all the samples proved relatively organically sparse. The rdaidbscomprise black

and brown wood fragments, and resistant mineral grains. Sample 5 from Belfast Zoo produced
significant levels of brown amorphous organic material. The dark nature of thgah@mmorph
organic materials, and the lack of palynomapis indicative of high levels of thermal maturation

due to the proximity of the basalts. The high levels of heat flow appear to have destroyed any
indigenous palynomorphs.

Samples 1, and 11 proved entirely barren of palynomorphs. Samples 2, 3 agachQyielded
only a few pollen grainsThese were generally pooftyeserved and largely unidentifiable, even to
genus level. Two specimens of the laagging (Cretaceous to modern) pollen species
Inaperturopollenites hiatusvere encountered in sample ffldom the Upper Basalt Formation at
Donal déds Hill
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Figure 19 Sample localities in Northern Ireland.

4.4 FAROE ISLANDS

From the onshore parts off the FIBG 207 samples were collectgoalgmologicalstudies and
radiometric dating. Thanain focus was the transition from the jmeakup sequence of the
Beinisvgro Brmation and Prestfjall Brmation through to the swbreakup sequences of the
Hvannhagi Brmation, and Malinstindur Brmation Thecompletesample list is given in Appendix

A5 and the sample localities asbownin Figure 24. The stratigraphic range of the sample series is
shown inFigure 25 (strat log with all samples). In addition to the onshore sample localities, the
Vestmanndl Well was also sampled. This cored well penetrates the base of Malinstomohatibn

and through the Prestfjall érmationinto the Beinisvard érmation

Detailed sectionswere alsologged at the Holid i Helli locality (Section 4.4.1) and a mountain
traverse/profile matching Major Profiteumber xfrom Rasmussen and Nd&/gaard (1969).

Below aredescriptions from each of these main localities that did staymqogical data.

4.4.1 Vagoy, Eysturoy and Streymoy

Interlava lithologies are found throughout the sequence, but become more common towards the top
of the formation. Although the Malinstind&ormation is sparse in fine grained thick sedimentary
horizons, suitable for palynological studies, some isolated beds were selected for this study. Below
are some of the localities from the Malinstindur Fm. intra lava sedimentary units from Vagoy,
Streymq and Eysturoy described. These samples are from the upper parts of the Malinstindur Fm.
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Figure 20 Map showing the sample localities from Vagoy, Eysturoy and Streymoy on the Faroe Islands.

4.4.1.IM1BVAGUR QUARRY

In the Malinstindur Brmation at the quarry in MidvagurF(gure 21) intralava volcaniclastic
sedimentary beds are seen. The beds are relatively coarse, bur grading igtaified top. Tase
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samples were selected for batlfton separationcbarse units) angalynological studiesfine units)
The samples collected at this locality proved to be barren of palynomorphs.
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Figure21 A 1520 cm think volcaniclastic bed, Coarse grained at the base and grading into fine grained top. Two
separate samples were taken at this locality. Location of the volcaniclastic bed is shown as the white dotted line on left
photo.

4.4.1.2SANDAVAGSHALSUR (ONSHORE)

At the Sandavagshalsur localiigure 22) two intralava sedimentary units were sampled. These fine
grained volcanclastic sandstones are some 20 cm thick amdtalo sequences of coarse to fine
gradational bands. The stratigrapiibeight of these samples correlatesighlyto the Kvivik Beds
from Passey and Jolley (2009).
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Figure 22 A 15 cm thick sedimentary bed in the Malinstindumfation at Sandavagshalsur. Note the varying grain
sizes.

Two samples, MPA 68209 and MPA 68207, were analysed §@milavagshalsurhey both proved
virtually devoid of palynomorphs. Two specimens of the lcemgging smooth spo@yathiditesvere
encountezdin MPA 68209 and one indeterminate dinoflagellate cyst was recognised in MPA 68207.
There were two other palynomorph specimens in both samples, but these are not ideNitfiagée.
assessment is possible.

4.4.1.3VESTMANNA-1 WELL (ONSHORE SCIENTIFIC WEL)

From the Vestmanna Well, 25 samples (FSCAB)3 125) were taken. The stratigraphical range of
these samples spans from the top most parts of the Beinisverd Formation through the Prestfjall
Formation and up through the lowest most 500 m of the MalinstiRdtmation. The intrdava
lithologies from the Beinisvard Formation comprise dark brown -namdl siltstones, while the
lithologies become slightly coarser from siltstones to sandstones in the Malinstindur Formation. The
samples collected at this localppyoved to be barren of palynomorphs.

4.4.1.4KLIVARNAR, LEYNAVATN

In the Malinstindur Fornmation at Klivarnan Streymoy, an erosional fluvial system/channel with
cross bedded volcaniclastic sandstones is sagne(23). The sandstone is ca 1 m thick at the centre

of the channel and the thickness rapidly decreases away from the central parts. The sandstone is
poorly sorted, coarse with lithic fragments (IGi€ld guide, Passey 2008) in the central parts.
Samples both for zircon separation and palynological studies were taken at this locality. The samples
collected at this locality proved to be barren of palynomorphs.
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Figure 23 Certral part of the fluvial volcaniclastic channel at Klivarnar Locality, Streymoy.
Samples MPA 68211 and MPA 68214 were collected here.

4.4.1.5SUND QUARRY

At Sund Quarry the Sund Bed is exposed. The basal Sund Bed is part of the Sneis Formation (Passey
and Jolley, 2009) and is ca. 1m thick. The bed is crudely graded as well as finely laminated in places.
The volcaniclastic sandstone is generally medium graameldpoorly sorted. The unit is dominated

by subrounded to rounded clasts of reworked palagonitised basaltic glass, although larger clasts still
preserve vesicles and cuspate margins. A characteristic feature of the Sund Bed and which is clearly
evident athis locality is the preservation of creamish, charcoalified wood fragments (branches) that
have a classic O0boxworkd structure. These frai
thirds above the base of the bed. This surface is well edpwstallen blocks where wood fragments

up to 4 min length can be seen. The Sund Bed is overlain by a volcaniclastic conglomerate sequence
t hat has been intruded by a thick basaltic s
conglomerate cabeen seen directly overlying the Sund Bed in the quarry but the conglomerate is
more clearly seen above the sill in sections above the main road to the north of this location. The
Sund Bed and the overlying volcaniclastic conglomerate are interpretedetbden deposited from
hyperconcentrated and debris flow regimes, respectively (Passey, S.R, 2008. IGC Excursion No.6,
Field Guide). The samples collected at this locality proved to be barren of palynomorphs.

4.4.2 Suduroy

The Island of Suduroy is comprised b&tBeinisvagrd Formation lavas through to the basal parts of
the Malinstindur Formatiorr(gure 21). The Beinisvaro Formation was strategically sampled from the
lower most intrdava sediments at Sumba through to the upper most part of the formation at Holid i
Helli. Furthermore samples fmo the basal parts of the Malinstindur Formation were sampled on
Suduroy (Figure of Suduroy_Uni).

The total number of 150 samples taken from Suduroy are, of these 37 were processgd (

A series of intrdava sedimentary sections were sampled (Samples MPA 68319 to MPA 68375 in
Table1). These comprise coal seams (MPA 68318aldmagl), clay, sand and siltstones from the
Hvannfelli profile (MPA 68327, MPA 683335 and MPA 68340), black mudstones and grey
claystones from Ain Mikla (MPA 68365, MPA 68366) and brown mudstone from Hov (MPA 68375).
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In addition to these samples the Bsvard Formation was sampled in the Vestmahivdell.
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Figure 24 Geological map of Suduroy, showing all the sample localities from the FSC field work.

4.4.2.1HoLIB | HELLI, SUPUROY (ONSHOREFAROE ISLANDS)

The Holid i Helli section comjmes a completely exposed sequence through the sediment dominated
Prestfjall and Hvannhagi Formatiomig(ire 25). They are intercalated between the heavily weathere
uppermost simple lava flow of the Beinisvgrd Formation below and the lowermost compound lava
flow of the Malinstindur Formation above. Neither the Prestfjall nor Hvannhagi formations are typical

at this location.
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Figure 25 Detailed logs from the Holid i Helli section on Suduroy.

The section is ca 12 m thick. The uppermost clay dominated 7.5 m have been intensively sampled,
whereas only a few specimens have been sampled from the lowermost ca 5 m of coarser sediments.
Here aly a short description is presented. For a more detailed description refer to, for example,
Passey (2014).

The lowermost unit is a ca 3 m thick dark yellowish brown coarse chaotic sediment, that is matrix
supported with up to gravel sized clasts, thatl@@ossibly represent a debris flow. The overlying

unit is ca 2 m thick yellowish brown clay ironstone with siderite spherules. Towards the top of this
unit are abundant up to 15 cm wide ironstone nodules. On top of this is ca 30 cm of claysieeel foll

by a 55 cm thick coal bantthat in turn is overlain by ca 50 cm of darlaydtone with mnsized
fragments of coal. Ca 3.m of grey and dark organic rich mudstone with occasional Manganese
staining are deposited on top the coal bearing mudstone. Thikisgd by two 30 and 5 cm thick
bands of coarser pyroclastic material separated by a 80 cm thick lahar deposit with abundant silicified
fossil tree fragments. The uppermost unit is a ca 1 m thick dark mudstone.
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Figure 26 Transifon from the Hvannhagi Fm volcaniclastic/pyroclastic rocks to the Malinstindur Fm lavas. Sample
sites for the U/Pb ages also indicated on the figure.

Twenty-one samples from a measured sectiodaid i Helli, east centrabuduroy Figure 25), were
studied for palynologyAppendix J. The yields of palynomorphs are relatively poor in the uppermost
samples, but are significantly moreguctive at tk base of the successi@ig(re25). The productive
palynofloras entirely comprise pollen and spores typical of the-Brittic Igneous Province Flora

of Boulter and Manum (1989); no marine indices such as dinoflagellatevegst recovered.
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Figure 27 Palynology of Holid i Helli.
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