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Preface

This doctoral thesis was initiated by the Norwegian Petroleum Directorate (NPD) as part of their mandate to
gain continual insight and understanding into the geological development of the Norwegian
continental shelf. The proximity of Triassic exposures on Svalbard to the Barents Sea makes its stratigraphy
suitable as an analogue to nearby offshore areas. The project has been supported by the NPD for a period of
three and a half years. Supervision has been given by Professor Atle Mork at the Norwegian University of
Science and Technology (NTNU), and by Professor Snorre Olaussen from the University Centre in

Svalbard (UNIS). Work conducted at NPD has been facilitated and supervised by Bjern Anders

Lundschien, Dag Bering and Espen Simonstad.

The project began as the continuation of a Master Thesis by the candidate, undertaken at NTNU, during
which a sound understanding of the region's structural geology and an extensive sedimentological dataset
was attained. This allowed for more detailed investigations into the sedimentological and
sequence stratigraphic development of the Triassic succession in Svalbard. With the implementation of

seismic and core data provided by the NPD, this understanding could subsequently be extended offshore.

Much of the sedimentological research on the Triassic succession in Svalbard was conducted by David
Worsley, Atle Mork and Ragnar Knarud starting in the 1970’s, followed by the later studies of Rita S.
Rod (NTNU and NPD), Ingrid B. Hynne (NTNU) and Tore Klausen (University of Bergen, UiB). These
sedimentological studies have formed the framework for this thesis. Researchers at the NPD and the
University of Oslo (UiO) (e.g. Fridtjof Riis, Tore Hay, Bjorn Anders Lundschien, Evy Glerstad-Clark and
Ingrid Anell), have focussed on the seismic sequence stratigraphy of the northern Barents Sea and their

understanding has formed the basis for seismic studies conducted in this thesis.

This thesis is part of a wide-ranging project, where work on the Triassic succession is being conducted
by many workers at collaborating institutions. Geologists from Sintef Petroleum AS, NTNU, UNIS,
UiO, UiB, the Norwegian Polar Institute and the oil industry, have all participated in
expeditions, academic collaborations and research workshops. The aim of these projects being
primarily to increase the understanding of the Triassic succession in Svalbard and document its nature in the

Barents Seca.

Throughout this project, I have been fortunate to participate in some 16 field excursions to Svalbard.
In addition, extensive periods of time have been spent at the NPD headquarters in
Stavanger, interpreting seismic from the northern areas and stratigraphic cores drilled close to Svalbard.
Several courses have been taken at UNIS, in order to attain the number of credits required for doctoral

studies at NTNU.

A large portion of work has been conducted in collaboration with active researchers and master students

at NTNU, UiB and UNIS. Most notably Rita S. Red, Kristoffer Solvi, Turid Haugen, Sondre K. Johansen



and Simen Stgen, whom have all completed their master theses on parts of the study area, supervised by Atle
Mork. These persons were part of two main research groups, the SINTEF Petroleum Hopen Geology Project
and the NTNU East Svalbard Triassic Research Group. Tore Klausen implemented field data from Svalbard
and compared the Triassic succession to that in the Barents Sea, as part of his PhD thesis and later

post-doctoral work.

The results of this collaboration has amounted to six articles, of which four have been published (Papers 1, 2,
3 and 4), one has been submitted (Paper 5) and one is a manuscript in preparation (Paper 6). A new
geological map (Appendix 1) of Hopen has also been produced and published by the Norwegian Polar
Institute. Work relating to this thesis has been presented at conferences, such as the NGF
Winter Conference, AAPG 3P Arctic, Boreal Triassic II and Force Seminar Series (see
conference contributions section). The final appendix (Appendix 2) is a magazine article produced by

Halfdan Carstens at GEO 365, to create outreach about work by the Hopen Geology Project in Svalbard.
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Abstract

The Triassic succession of Svalbard is regarded as an analogue to the subsurface in the Barents Sea. In this
thesis the sedimentology, facies development and sequence stratigraphy of the succession in Svalbard is
addressed. The project has resulted in 4 journal articles, a submitted manuscript and a manuscript in

preparation. A geological map has also been produced.

The project has created a new stratigraphic unit the Hopen Member, which is the south-eastern equivalent to
the Isfjorden Member of Spitsbergen. This is based on the properties of the unit, its biostratigraphic and
magnetostratigraphic characteristics. The Hopen Member is a succession of marine shale and subordinate

sandstone deposits, different to the paralic deposits of the underlying part of the De Geerdalen Formation.

A study of channel bodies on Hopen shows they are confined to discrete stratigraphical intervals in the De
Geerdalen Formation, defined as channel zones. Three zones are described and categorised as; a lower
fluvial, middle tidal zone and upper fluvial zones. A paralic depositional environment for the De Geerdalen
Formation on Hopen is maintained, however the nature of channels shows a greater influence of fluvial
deposition, for the formation in this part of Svalbard. A multidisciplinary study of the Kapp Toscana Group
(De Geerdalen, Flatsalen and Svenskeya formations) on Hopen is also presented and this provides an

enhanced palaeo-environmental interpretation for the Upper Triassic succession on the island.

Upper Triassic deltaic sediments are seen throughout north-eastern Svalbard and analysis shows the De
Geerdalen Formation to consist of three discrete informal units, defined by the gross depositional
environment. The lower interval is dominated by shallow marine and delta front / shoreface deposits, the
middle interval is composed of delta front to delta top deposits, and the upper interval is primarily delta top,
lagoonal and lacustrine deposits. The De Geerdalen Formation represents a distal depositional setting in this

area, in comparison to the depositional environments reported on the islands of Edgesya and Hopen.

A facies study, conducted on the Svenskeya Formation in Eastern Svalbard, interprets the formation
to be composed of sandstones deposited in a mixed fluvial, shoreface and shallow marine
setting. Petrographic analysis of sandstones shows the formation as being arkosic, on Hopen and
in the Sentralbanken area. The sandstone reservoir quality at Hopen is reduced compared to
Sentralbanken, due to more extensive diagenetic impacts by compaction, mineral dissolution
and extensive precipitation of pore-filling clay minerals. Similar properties are observed on Wilhelmoya

and Kong Karls Land.

A regional study into the sequence development of the Triassic succession in Svalbard is the final
component to this project. Analysis shows an increase in the number of low rank sequences in the
western area of Svalbard, compared with central and eastern areas, in the Lower and Middle Triassic
succession. This is due to the style of facies development, close to the basin margin at that time. The
Upper Triassic shows the opposite trend, with an increase in low ranking sequences towards the east of

Svalbard. Offshore the entire succession thickens as a result of deltaic development in these areas.
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Introduction






Introduction

The archipelago of Svalbard covers the north western area of the Norwegian Arctic from 74° to 81° north
and 10° to 35° east (Fig. 1A). It consists of several major islands: Spitsbergen, Nordaustlandet,
Edgeoya, Barentsgya, Wilhelmoya, Hopen and Bjerngya (Dallmann et al., 2015b). Much of Svalbard is
categorised as nature reserves or national parks by the Norwegian Government, who have been
awarded sovereignty over the islands as a result of the 1920 Svalbard Treaty, currently signed by 42 other

nations (Dallmann et al., 2015c).

The presence of world-class outcrops, with little to no vegetation cover, enables geologists to
explore ‘textbook’ exposure of strata. However, exposures are sometimes covered by glaciers, snow drifts
or scree slopes and this can complicate outcrop observations. The extent of geological time, which is
exposed in the stratigraphy of the archipelago, also adds to its endearing status with those interested in
sedimentology and stratigraphy. This is especially the case for geoscientists tasked with conducting
geological research and hydrocarbon exploration in the Barents Sea. In this regard, Svalbard acts as a

suitable and accessible window to the subsurface.

The aim of this thesis is to increase the understanding of sedimentary facies and sequence
stratigraphic development throughout the Triassic succession of Svalbard and give comparison to the
succession seen in the northern part of the Barents Sea. Due to the nature of field data collection,
specific objectives were not defined at the outset. However, objectives for each component
paper are stated in the respective parts to those papers. In short, the main objective of this
study is to implement outcrop data in order to increase the understanding of the Triassic

succession in Svalbard, with a focus on eastern areas of the archipelago.

Facies studies have largely been confined to the Upper Triassic succession (Carnian and Norian)
as older parts of the stratigraphy have been well documented by earlier studies and are relatively
poorly exposed in eastern Svalbard, where much of the field work for this thesis has been
conducted. Sequence stratigraphy has focussed on a large portion of the Triassic succession;
however this has been constrained between the Induan to mid-Norian part of the stratigraphy
(Sassendalen Group and Storfjorden Subgroup). This is due to the overlying succession (Wilhelmoya

Subgroup) being studied in detail by other researchers (e.g. Rismyhr et al., in prep.)

The study area (Fig. 1B) includes the Svalbard archipelago and the immediate offshore area, north of
the present licence block areas and up to the 2011 maritime border with Russia. Fieldwork
has primarily focussed on data collection on the islands of Hopen, Edgeoya, Barentsoya,
Wilhelmoya. Other areas of Svalbard were covered by Knarud (1980), Merk et al. (1982,
1990), Mark et al. (1999a, b), Red et al. (2014) and Vigran et al. (2014). Geological ages applied
to stratigraphic units throughout this study generally follow the recent macrofossil review and
palynological works by Vigran et al. (2014), Paterson and Mangerud (2015) and Paterson et al.
(2016, Paper 3). InPaper 1 magnetostratigrapy and ammonoid biostratigraphy has also been applied.
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Figure 1: A, Overview map of the Barents Sea and Svalbard showing the high Arctic position of the archipelago in relation to
mainland Norway. The 2011 border with Russia is denoted along with the present hydrocarbon exploration licence block area. B, An



overview map of the main study area, showing the basic Carboniferous to Early Cretaceous geology for the archipelago. The study
areas for each individual paper are represented by red boxes. Papers 1, 2 and 3 focus on the facies and stratigraphic development of
Hopen. Paper 4 extends the geological understanding from Hopen (Mork et al., 2013, Klausen & Mork, 2014, Lord et al., 2014a, b),
Spitsbergen and Edgeoya (Mork et al., 1982; Rod et al., 2014), to document facies and stratigraphical developments in the northern
Storfjorden area. Paper 5 focusses on the facies development of the Svenskoya Formation on Hopen with comparisons to

Wilhelmoya, Kong Karls Land and Sentralbanken. The study area for Paper 6 is constrained with the entire main study area.

As much of the data stems from the eastern islands, a large proportion of work has focussed on the Carnian,
De Geerdalen Formation (Papers 1, 2, 3 and 4). The island of Hopen features heavily in this study and much
of the fundamental understanding of the island’s geology was initially presented in Merk et al. (2013,
Appendix 1), e.g. the Hopen Member and the distribution of sandstone channel bodies. These were then

described in more detail in Lord et al. (2014a, b, Papers 1 and 2).

A facies study from Edgeeya and central Spitsbergen by Red et al. (2014) provided the sedimentological
framework for this part of the succession and has formed the basis for studies conducted in this project. The
interpretations from central Spitsbergen and Edgesya by Red et al. (2014) covered the De Geerdalen
Formation and Papers 2 and 4 have extended these facies studies to larger areas in Svalbard. The objective is
to create a uniform understanding of facies types seen within the Carnian part of the Triassic succession,

which can be used to define overall depositional environments throughout the study area.

The use of earlier facies frameworks has been especially evident in Paper 4, which builds directly upon the
work of Red et al. (2014) by extending their facies study northwards from Edgeeoya to Barentseya,
Wilhelmeoya and Triassic exposures along the coastline of eastern Spitsbergen. On Hopen (Papers 1 and 2),
facies are not discussed explicitly, as this was covered by Klausen and Merk (2014). However, the types
of depositional environments defined by Red et al. (2014) have been maintained and applied to the
stratigraphy of the island. A multidisciplinary study of the Triassic succession on Hopen, conducted by
Paterson et al. (2016, Paper 3), implements all of the recent understanding from the island (e.g. Mork et al.,
2013, Appendix 1; Klausen & Merk, 2014; Lord et al., 2014a, b, Papers 1 and 2) to create biofacies

subdivisions and discuss palaeo-climate.

Offshore studies have been made possible with the availability of confidential seismic data sets, owned
by the NPD. This seismic data has been collected in the offshore areas to the east and southeast of
Svalbard, north of the current (2016) petroleum licence block area (Fig. 1A, B). Implementation of this data
by co-authors into Paper 6 has improved the understanding of the development of the Triassic succession
offshore. Lord et al. (submitted, Paper 5), focusses on comparing facies and reservoir properties seen in the
Svenskeya Formation, deposited in the latest part of the Triassic. The study extends data from Hopen to the
island of Wilhelmoya and to wells in the Sentralbanken area of the Barents Sea (Fig. 1B). Lord et al.
(in prep. Paper 6) attempt to quantify different order of sequences seen throughout the
Triassic succession (Induan to Carnian) in Svalbard and relate this to the development of these units

offshore.



Regional Structural Geology

The Svalbard archipelago has a long and complex history of geological development. To its north lies the
Arctic Ocean and to its west lies the northernmost part of the Greenland Sea and the Fram Strait (Dallmann,
2015a). The uplifted corner of continental shelf (Worsley, 2008) that forms the archipelago is bound to the
north and west by large-scale fault systems, along passive continental margins of Cenozoic age (Myhre &
Eldholm, 1988; Leever et al., 2011; Dallmann et al., 2015a). Svalbard itself is dissected by a series of near
N-S trending structures (see Fig. 2A, Dallmann et al., 2015a; Dallmann & Elvevold, 2015). From west to
cast these are the West Spitsbergen Fold and Thrust Belt, the Central Tertiary Basin (Dallmann et al., 2015a)
with the Adventdalen Décollement Zone (Parker, 1966; Major & Nagy, 1972), the Billefjord Fault Zone
(Harland et al., 1974; Balum & Braathen, 2012) and the Lomfjord Fault Zone (Harland, 1979; Bergh et al.,
1997). Further to the east lie the Storfjorden Fault Zone (Eiken, 1985; Dallmann et al., 2015a; Dallmann and
Elvevold, 2015) and the enigmatic Rindedalen structure in Barentseya (Lock et al., 1978).

The West Spitsbergen Fold and Thrust Belt (WSFTB, Figs. 2A, B) (Leever et al, 2011), is a
NNW-SSE trending, 100-200 km wide complex of contractional fold and thrust structures,
formed as aresult of kinematic decoupling of contractional and transcurrent elements, close to an
intracratonic palaco-transform fault (Braathen et al., 1999). This tectonic system resulted from the
northwards migration of the Atlantic rifting throughout the Cenozoic, as Greenland transpressed into the
Barents shelf, then separated (Faleide et al., 2008). This contraction caused approximately 20-40
km of crustal shortening perpendicular to the margins (Bergh et al.,, 1997; Leever et al., 2011) and
involved both basement rocks and cover strata. Folding and thrusted structures formed within this

regime were emplaced above strata with a pre-existing south / south-east regional dip.

The Mesozoic succession in the Central Tertiary Basin (CTB, Figs. 2A, B) is partitioned by the Cenozoic
aged Adventdalen Décollement Zone (Parker, 1966; Major and Nagy, 1972; Haremo et al., 1990; Haremo &
Andresen, 1992; Andresen et al., 1994; Eiken, 1994). The floor thrust is situated in soft ‘paper-shale’ of the
Botneheia Formation, with the roof thrust situated in the marine shales of the Agardhfjellet Formation

(Haremo et al., 1990; Eiken, 1994; Braathen et al., 1999).

The Billefjord Fault Zone (BFZ, Figs. 2A, B) is the eastern boundary of the Central Tertiary Basin
(Dallmann et al., 2015a; Dallmann & Elvevold, 2015), consisting of a complex array of structural elements,
some 10 km (20-30 km at its widest) in width and 150 km in length. The BFZ has an extensive history of
activity, dating back to Palaeozoic times (Harland et al., 1974; Harland, 1979; Manby et al., 1994; Dallmann
et al., 2002; Belum & Braathen, 2012; Dallmann & Elvevold, 2015). It was initiated during a transcurrent
and contractional regime in the Caledonian — Devonian (Haremo & Andresen, 1992). Later, during the
Carboniferous, its style changed to extensional, as evidenced by the formation of half-graben structures and
monoclines (Haremo & Andresen, 1992; Bergh et al., 2011). Further activity occurred during the Cretaceous
(Parker, 1966; Harland et al., 1974; Haremo et al., 1990) as the BFZ witnessed a brief period of extension,

followed by minor contraction during the Cenozoic (Balum & Braathen, 2012).
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al. (2007).

The Lomfjord Fault Zone (LFZ, Figs. 2A, B) (Harland, 1979; Andresen et al., 1988; Maher & Craddock,
1988; Nottvedt & Rasmussen, 1988) is an elongated, N—S trending structural complex (Dallmann et al.,

2015a; Dallmann & Elvevold, 2015). The fault zone shows evidence of thin-skinned contractional tectonics



in line with the Cenozoic west to east crustal shortening, evidenced throughout
Spitsbergen (Maher & Craddock, 1988), but this is most probably the result of re-activation of an

existing deep rooted lineament.

Within Storfjorden, east to west oriented seismic sections shot by the NPD in 1974 and 1980 exhibit a well
expressed fault system, believed to be of regional importance (Eiken, 1985). This structure, termed
the Storfjorden Fault Zone (SFZ, Figs. 2A, B), is comprised of numerous north to south oriented and
westerly-dipping extensional normal faults with a fault throw over one kilometre (Eiken, 1985;
Dallmann et al., 2015a). Fault blocks within the SFZ are considered to consist primarily of Permian strata,
with the onset of faulting being linked to an episode of graben development, which occurred from the Late-
Devonian to Late-Carboniferous (Steel & Worsley, 1984; Eiken, 1985). This fault zone is also considered

to be the cause of recent seismic activity in the Storfjorden area (Nasuti et al., 2015).

The eastern region of Svalbard is characterised by near flat-lying strata of post-Caledonian
age, superimposed on a basement complex (Lock et al., 1978). The Triassic of Edgeeoya rests on a
Permian carbonate platform (Worsley, 1986; Gabrielsen et al., 1990), often referred to as the Edgeoya
Platform (Fig. 2B). Lock et al. (1978) mapped the topography of the boundary between the Botneheia and
Tschermakfjellet Formations and identified a series of gentle antiformal and synformal domes. Other than
one large fault, seen at Negerpynten on southern Edgeeya (Klubov, 1965; Lock et al., 1978) and a
monocline in the north, no large-scale tectonic lineaments are formally reported or presented in geological
maps of the island (Dallmann et al., 2002; Dallmann & Elvevold, 2015). Syn-sedimentary growth-faulting
seen at various locations along the west coast of Edgeoya (Edwards, 1976; Red, 2011; Anell et al., 2013;
Rad et al., 2014; Osmundsen et al., 2014) is most obvious on the mountainsides of Klinkhamaren and
Kvalpynten. Here shallow normal faults detaching at the contact with the Botneheia Formation are
overlain by younger un-deformed strata (Red, 2011; Osmundsen et al., 2014). Growth faulting at
Kvalpynten is seen to strike to the WNW—ESE and dip to the south (Anell et al., 2013). The mechanism for
the formation of these growth faults is argued to be related to deep-rooted faulting (e.g. Anell et al., 2013;
Osmundsen et al., 2014), however the study by Red (2011) shows that the underlying

Botneheia Formation is not affected at Klinkhamaren and the mountains further south.

To the east of Svalbard, the southern margin of the Edgeoya Platform features a series of E-NE
trending fault systems of Palaeozoic age (Doré¢, 1995; Grogan et al., 1999; Faleide et al., 2008; Glerstad-
Clark et al., 2010) forming a series of terraces stepping down towards the Serkapp Basin. This trend
continues offshore from Kong Karls Land (Gabrielsen et al., 1990; Johansen et al., 1992; Grogan et al.,
1999; Riis et al., 2008; Hoy and Lundschien, 2011). Faulting and basin formation in these eastern areas

also occurred during the Late-Palaeozoic, in relation to a period of failed rifting (Faleide et al., 2008).

Around Hopen a similar structural trend is also observed (Max & Ohta, 1988; Doré, 1995), where
faulting has resulted in a horst, bound to the northwest and southeast by a series of delineated terraces
consisting of ENE-WSW trending normal faults, dipping in opposite directions (Max & Ohta, 1988;
Johansen et al., 1992; Doré, 1995; Grogan et al., 1999).
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Hopen most likely represents a spur in the highest segment of this system, albeit significantly eroded or
the tip of an anticline (Anell et al., 2016). These faults are of an unknown age; however, it is likely
that their formation is controlled by deep seated faults, originating during a phase of rifting during the
late-Palacozoic. This suggests post-Triassic reactivation, possibly in the Jurassic and Cretaceous during a

further period of failed rifting (Faleide et al., 2008).

On a local scale, the island of Hopen is dissected by NW-SE trending normal faults, dipping to both to the
SW and NE, in addition there are gentle synclines and monoclines (Smith et al., 1975; Lord, 2013; Merk et
al., 2013; Appendix 1). Some faults exhibit minor rotational components, due to the presence of contrasting
fault throws being observed on opposite sides of the island. Instances of syn-depositional deformation have

also been reported (Osmundsen et al., 2014).

Triassic - Mid Jurassic Stratigraphy in Svalbard

In the majority of the study area, the Triassic succession lies roughly horizontal and with the exception of
local faulting, is somewhat un-deformed (Fig. 2). Localities in the west of Spitsbergen often feature near-
vertically dipping strata, deformed during the Cenozoic (Dallmann et al., 2015a), allowing for easy access to
sections along coastlines (e.g. Festningen) and mountain ridges (e.g. Bravaisberget). Throughout southern
and central areas of Spitsbergen, much of the lower and middle Triassic succession is hidden in
the subsurface. However, in northern and eastern areas of central Spitsbergen, this part of the succession
outcrops. At some locations, low angle thrust faults and layer-parallel duplexes are present. These
complicate the lower and middle parts of the Triassic stratigraphy, by shearing out or stacking
strata, resulting in sections with reduced or exaggerated thickness (Haremo & Andresen, 1992). The fine-

grained lithologies of these units mean that faults are discrete and often impossible to observe in the field.

In eastern areas, Triassic strata are well exposed, with the underlying Permian only being seen in very
low lying areas or along the coastline. Large portions of the succession are also missing from Edgeoya
and Barentsgya (Mork et al., 1999a; Rad et al., 2014) and this raises the question of exactly how much has
been removed by Cenozoic and Quaternary erosion. The island of Wilhelmoya features a near
complete succession of the Carnian, some 250 m in thickness, in central Spitsbergen the Carnian reaches 240
m in thickness, whilst on Hopen data from the “Hopen-2” well (7625/5-1) shows a Carnian succession that is
near 1200 m in thickness (Lord et al., 2014a, Paper 1; Anell et al., 2014a). On Edgeoya the exposed
Carnian stratigraphy is approximately 200 m thick, which suggests not only a significant component
of erosion occurred during the Cenozoic, but also the stratigraphy thins extensively towards the north and

west.

The Triassic to Middle Jurassic succession is divided into two groups following the present lithostratigraphic
subdivision by Merk et al. (1999a). The Lower and Middle Triassic are defined as the Sassendalen
Group and the Upper Triassic to Middle Jurassic being termed the Kapp Toscana Group. The Kapp Toscana
Group is further subdivided into two Subgroups; the Carnian to early Norian Storfjorden Subgroup and the
middle Norian to Bathonian Wilhelmgya Subgroup (see Fig. 3).
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Figure 3: Triassic to Middle Jurassic stratigraphic chart for Svalbard and the northern Barents Sea (after Lord et al.

submitted, Paper 5). Stratigraphy for southern areas e.g. the Hoop fault area and the Hammerfest Basin is also included.

The Sassendalen Group - Lower and Middle Triassic

The Sassendalen Group (Fig. 3) was defined by Buchan et al. (1965) and spans the lower and middle
parts of the Triassic. The group’s nomenclature is maintained throughout the Barents Sea, where it includes
the Ingeydjupet Subgroup (Worsley et al., 1988), comprised of the Havert, Klappmyss and Kobbe
formations. Throughout Svalbard the Sassendalen Group represents deposition of clastic sediment into
a shallow basin. In southern and western parts of the present Barents Sea, small deltaic advances occurred
along the basin margins close to significant landmasses (Riis et al., 2008; Hoy & Lundschien Eide et al., in
press). Proximal marine deposits are characteristic of the Lower Triassic in western and southern Svalbard.
Prior to the opening of the North Atlantic, Svalbard was situated close to Laurentia (North America and
Greenland), an extensive area of denudation which provided sediment to these marginal areas throughout
the Early and Middle Triassic (Riis et al., 2008; Glerstad-Clark et al., 2010; Bue & Andresen, 2013).

Lower Triassic — The Induan and Olenekian

One of the most spectacular lithostratigraphic boundaries in Svalbard can be found in the strata marking the
end of the Palaeozoic era, where the Upper Permian is overlain by Lower Triassic strata. The boundary is
prominent and easily recognised. Dolomite and hard, siliceous shales of the Kapp Starostin Formation
form a sharp boundary at their contact with soft laminated mudstones of the Induan Vardebukta
and Vikinghegda formations (Merk et al, 1999a, b). Whilst the chronostratigraphic boundary
between the Permian and Triassic epochs is technically some ca. 810 m above this contact

(Zuchuat, 2014), the lithostratigraphic boundary is excellent for mapping and stratigraphic purposes.

The Permian — Triassic boundary throughout Svalbard and the Barents Sea represents a hiatus. With the
exception of deltaic sequences close to the basin margin, many areas were sub-aerially exposed during the
Olenekian. In the regions of Bjerneya (Merk et al., 1990; Vigran et al., 2014), Serkapp Land (Worsley &
Mork, 1978) and Edgeoya in Svalbard, the lowermost Triassic beds are missing. The oldest Triassic rocks on

Edgegya are dated as Olenekian (Pcelina, 1977; Vigran et al., 2014).

The Vardebukta Formation represents the Induan in southern and western Spitsbergen, with the Deltadalen
Member of the Vikinghegda Formation being the equivalent for central Spitsbergen. The Olenekian is
represented in western Svalbard by the Tvillingodden Formation and the Lusitaniadalen and Vendomdalen
members of the Vikinghegda Formation, in central Spitsbergen (Meork et al., 1999a, b). The Induan and
Olenekian in eastern Svalbard remains undifferentiated and is defined simply as the Vikinghegda Formation
without any member units (Mark et al., 1999b). The formation in the west and southern areas of Spitsbergen
lies atop the Permian Kapp Starostin Formation, at a sharp lithological boundary and forms multiple
upwards coarsening units. These are interpreted as representing a shallow marine to deltaic environment
(Mork et al., 1999a). Ammonoid biostratigraphy provides evidence for the Induan age (Kor¢inskaja, 1980,
1982; Weitschat & Dagys, 1989). The equivalent Deltadalen Member in central Spitsbergen, of the
Vikinghegda



Formation (Merk et al., 1982; Merk et al., 1999b), is composed of fine-grained lithologies and represents a
shallow shelf environment. The member is determined to be Induan in age based on the presence of

ammonoids and by palynology (Kor¢inskaja, 1982; Merk et al., 1982; Meork et al., 1999a, b).
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Figure 4: A, Photograph of the mountain of Dalsnuten in central Spitsbergen showing the well exposed Botneheia, Tschermakfjellet
and De Geerdalen Formations. B, Photo of the mountain of Hahnfjella in eastern Spitsbergen showing well exposed Lower
and Middle Triassic stratigraphy (Vikinghogda and Botneheia formations). The overlying Upper Triassic succession
features the Tschermakfjellet and De Geerdalen formations with good exposures of the Isfjorden Member. C, Photograph of the
mountain of Lyngefjellet in northern Hopen. Here well-exposed channel bodies and well-developed delta plain deposits are
seen in the De Geerdalen Formation. The Hopen Member, defined by Lord et al. (2014a, Paper 1) is composed of marine
deposits. Excellent exposures of the Flatsalen Formation and its basal Slottet Bed are also present at this locality. The white cliff-
forming sandstone at the top of the mountain is the Svenskoya Formation and is the key focus of Lord et al. (submitted, Paper
5). D, Exposures of the Wilhelmoya Subgroup at the type section on Keisarkampen, Wilhelmoya. The Flatsalen Formation is
marine and poorly exposed. The overlying Svenskoya and Kongseya formations are sandstone units. Here however, they are
poorly exposed due to their unconsolidated nature. The uppermost exposures are of the Agardhfjellet Formation shales

(Adventdalen Group), which are penetrated by a dolerite sill of Cretaceous age belonging to the Diabasodden Suite.

In southern Spitsbergen, on the Serkapp-Hornsund High, the Vardebukta Formation is represented by its
Kistefjellet Member (Mork et al., 1982; Péelina, 1983; Mork et al., 1999a), a local unit composed of a basal
polymictic conglomerate and sandstones with bivalves. The member represents deposition in a shallow

marine environment with a transgressive lag (Brevassfjellet Bed, Mork et al., 1982; 1999a) at the base.



The Tvillingodden Formation forms the Olenekian strata in the westernmost parts of Spitsbergen. The
formation is the equivalent to the Lusitaniadalen and Vendomdalen members of the Vikinghegda Formation
(Mork et al., 1999a, b). Two member units are present in the Tvillingodden Formation, the Iskletten and
Kaosfjellet members and these correspond to the Lusitaniadalen and Vendomdalen members of the
Vikinghegda Formation respectively (Meork et al., 1999a). The Iskletten and Kaosfjellet members are well
defined in the field however this terminology has been constrained to Oscar II land and the outer Isfjorden
area of Spitsbergen. Elsewhere the Tvillingodden Formation consists of dark grey, shales and laminated
siltstones. Several upwards coarsening units are observed and sandstone beds are present (Merk et al.,

1999a).

In central Spitsbergen the Lusitaniadalen and Vendomdalen members span the Olenekian. The
Lusitaniadalen Member is interpreted to represent clastic deposition in a distal shelf environment and marks
the onset of a transgression from the underlying, Induan Deltadalen Member. The Vendomdalen
Member is interpreted by Merk et al. (1999b) to represent clastic deposition below wave base, in a low oxic
environment, in a regressive stage. For the eastern areas of Spitsbergen and eastern Svalbard, the

Vikinghegda Formation is undifferentiated into member units.

On Bjerneya, part of the Induan is missing, which suggests a significant hiatus at the Permian —
Triassic boundary. The Urd Formation on Bjerneya spans the latest part of the Induan and the Olenekian, as

a marine mudstone with intra-formational sandstones (Merk et al., 1990; 1999a; Vigran et al., 2014).

Middle Triassic - The Anisian and Ladinian

The Middle Triassic rocks of Svalbard mark a prominent change from grey fissile shales and siltstones of the
Tvillingodden and Vikinghegda Formations, to the dark, bituminous and cliff-forming paper shales of the
Botneheia and Bravaisberget formations (Merk et al., 1982; Merk et al., 1999a; Krajewski et al., 2007;
Krajewski, 2008). The Bravaisberget Formation is defined throughout western Spitsbergen (Mark et al.,
1999a; Krajewski et al., 2007), whilst the Botneheia Formation (Figs. 4A, B) is defined for
central Spitsbergen and eastern Svalbard (Merk et al., 1999a; Krajewski, 2008).

The separation of these two units arises from the differing lithologies; the western areas feature
more heterogeneous sandstones and shales whilst to the east the lithology is more uniform dark shales (Mark
et al., 1999a; Krajewski et al., 2007). The southern Barents Sea equivalent of the Botneheia Formation is
defined as the Kobbe Formation (Fig. 3) close to the Norwegian mainland, with the Steinkobbe
Formation being defined in the Hammerfest Basin and extended to the Svalis Dome and Loppa High areas
of the Barents Sea. The Steinkobbe Formation was defined given its potential as the best source rock for

this area (Leith et al., 1993; Merk & Elvebakk, 1999; Riis et al., 2008; Lundschien et al., 2014).

Shales of the Bravaisberget and Botneheia formations are composed of clay, with significant organic
material. They emit a strong hydrocarbon aroma from fresh surfaces and bituminous residue can be found in

calcite veins. Phosphatic nodules, well-preserved marine vertebrate fossils, thin dolomitic beds and septarian



nodules are common to formations in the Middle Triassic. The formations have a total organic carbon (TOC)
values ranging between ca. 1-10 % (Mark et al., 1982; Mork & Bjorey, 1984; Lock et al., 1978; Leith et al.,
1993; Krajewski et al., 2007; Krajewski, 2008). The oil rich content of the Sassendalen Group in Svalbard
led to one of the original stratigraphic names for the Middle Triassic being the ‘Oil Shales Group’ (Falcon,
1928).

The Bravaisberget Formation in the west has a more complex development than its eastern equivalent. The
Bravaisberget Formation is composed of the Passhatten, Karentoppen, Somovbreen and Van Keulenfjorden
members (Mork et al., 1999a). The Passhatten Member forms the lower and middle parts of the
Bravaisberget Formation (Krajewski et al., 2007); the remainder is defined as the Somovbreen Member with
the Van Keulenfjorden Member at the top (Merk et al., 1982, 1999a; Krajewski et al., 2007). While the
Passhatten Member was deposited in deep shelf setting, deltaic sandstones form the Karentoppen Member.
Coastal progradation is reflected in the coarsening upwards unit forming the Somovbreen Member, while the
Van Keulenfjorden Member is deposited when the basin was filled up at several localities to lagoon

conditions (Merk et al., 1982, 1999a; Pcelina, 1983; Krajewski et al., 2007).

In Serkapp Land, the Karentoppen Member is composed of deltaic channel sediments, conglomerates and
bioturbated sandstones and regarded as mainly of Anisian age (Merk et al., 1982; Merk et al., 1999a;
Krajewski & Weitschat, 2015; Krajewski et al., 2007). The member represents deltaic distributary sandstones
that form a wedge between the Passhatten and Somovbreen members. The uppermost part of the
Bravaisberget Formation is defined as the Van Keulenfjorden Member and is Ladinian in age. The member
is interpreted as being deposited in a brackish environment in a prodelta setting (Mork et al., 1999a;

Krajewski et al., 2007).

The Botneheia Formation of central Spitsbergen and eastern Svalbard (Figs. 4A, B) is composed of two
member units, the lower Muen (Krajewski, 2008) and upper Blanknuten (Merk et al., 1982; 1999a;
Krajewski, 2008). These members approximately span the Anisian and Ladinian stages respectively (Meork et
al., 1982, 1999a; Krajewski, 2008). The Muen Member was defined by Krajewski (2008) and represents
deposition of shale and mudstone under oxic to dysoxic bottom water conditions. The Blanknuten Member is
a prominent cliff-forming unit that is easily traced throughout large areas of the archipelago (Flood et al.,
1971; Lock et al., 1978; Krajewski, 2008). The unit consists of mudstone and shale, with abundant phosphate
nodules, forming nodule beds and phosphatic grainstones (Krajewski, 2008).

On Bjerngya, the Verdande Bed at top of the Urd Formation is a remanié conglomerate of phosphate
nodules, interpreted to be Anisian age (Mork et al., 1990). Above this bed, shales and subordinate sandstone
of the lower part of the Skuld Formation (Merk et al., 1990) are dated as Ladinian age by palynology. The
top of the Urd Formation is Carnian in age (B6hm, 1903, Pcelina, 1972; Merk et al., 1990) with dating

derived from ammonoid biostratigraphy and palynology.



The Kapp Toscana Group - Late Triassic to Middle Jurassic

The onset of the Late Triassic in Svalbard is marked by a clear change in lithology and depositional style
(Figs. 4A, B). The deposits that make up the Late Triassic to Middle Jurassic succession show clear evidence
of repeated episodes of transgression and regression (Merk & Smelror, 2001). The group comprises of the
Storfjorden and Wilhelmegya Subgroups, which are further subdivided into six formations. The
Tschermakfjellet and De Geerdalen formations are assigned to the Storfjorden Subgroup, with the
Knorringfjellet, Flatsalen, Svenskeaya and Kongseya and Skuld formations being assigned to the Wilhelmoya
Subgroup (Merk et al., 1999a).

Late Triassic - The Carnian to early Norian

The boundary between the Middle Triassic Botneheia Formation and the early Carnian Tschermakfjellet
Formation is evident throughout much of central Spitsbergen and eastern Svalbard (Figs. 4A, B). Black
organic rich shales, give way to light grey silty shales with subordinate shallow marine sandstones (Mork et
al., 1982, 1999a; Vigran et al., 2014). The Tschermakfjellet Formation is prevalent throughout Svalbard
forming a prodeltaic shale and siltstone unit to the overlying De Geerdalen Formation of early Carnian age
(Kor¢inskaja, 1982; Dagys & Weitschat, 1993). In western areas, the formation tends to thin to some metres
or is absent; whilst in eastern parts of Svalbard, the thickness can be considerable and variable. Its lower
boundary is diachronous, with the deposition of the lower Snadd Formation beginning in the

Ladinian (Worsley, 2008; Riis et al., 2008; Glerstad-Clark et al., 2010; Lundschien et al., 2014).

The remainder of the Carnian and early part of the Norian is comprised of the De Geerdalen
Formation (Buchan et al., 1965; Merk et al., 1982; 1999a). The De Geerdalen Formation consists of
numerous upwards coarsening units, where lithologies and sedimentary properties vary greatly (Figs. 4A—
C). The unit represents the exposed part of a vast deltaic system that extended throughout the
Barents Sea during the Carnian (Worsley, 2008; Riis et al., 2008; Glerstad-Clark et al., 2010; Hoy &
Lundschien, 2011; Anell et al., 2013; Klausen & Meork, 2014; Lundschien et al., 2014). The lower and
middle parts of the De Geerdalen Formation consist of silt and sandstones of varying thickness and
extent. Minor marine incursions are evident and this gives rise to a number of prominent parasequences
(Paper 6). The formation is composed of shallow marine and shoreface deposits with delta front and delta
top and plain deposits being prominent throughout (Klausen & Meork, 2014; Red et al., 2014; Lord et
al., 2017, Paper 4). The formation thins considerably from the northern Barents Sea through
Hopen (Fig. 4C) and into Spitsbergen. This thinning is attributed to the Svalbard area becoming a
platform area during the middle to late Triassic where deltaic advance becomes more rapid as

accommodation space becomes limited (Anell et al., 2014a, b).

The upper part of the De Geerdalen Formation is defined as the Isfjorden Member in western and central
Spitsbergen (Pcelina, 1983; Merk et al., 1999a). This definition was extended to eastern Spitsbergen and
Wilhelmoya by Haugen (2016) and Lord et al. (2017; Paper 4). Much of the upper De Geerdalen Formation

is lacking from Edgeoya and Barentseya due to Quaternary erosion. On Hopen, however, the



Hopen Member (Mork et al., 2013; Lord et al., 2014a, b, Papers 1 and 2; Appendix 1) is the equivalent to the
Isfjorden Member in this area (Fig. 4C).

The late Carnian to early Norian Isfjorden Member consists of thinly bedded sandstone and siltstone,
bioclastic carbonate beds and weathered clays that give the member its distinctive colour. The unit is
interpreted as representing a lagoon and delta top environment (Merk et al., 1999a; Haugen, 2016;
Lord et al., 2017, Paper 4). The correlative Hopen Member represents the same time period, but is,
however, only present in the south-eastern area of Svalbard. The unit consists of silt and fine-grained
sandstones deposited in a shallow marine environment. None of the defining characteristics of the

Isfjorden Member are present on Hopen (Lord et al., 2017, Paper 4).

The Wilhelmaya Subgroup - Early Norian to Bathonian

The Wilhelmoya Subgroup is defined on Wilhelmeoya (Mark et al., 1999a), originally as a formation
(Worsley, 1973). The Flatsalen Formation is the lowermost unit of the Wilhelmeya Subgroup (Figs. 3, 4C)
and is composed of deep marine shales, with minor upwards coarsening packages and a prominent basal bed,
the Slottet Bed (Mork et al., 2013; Appendix 1; Lord et al., 2014a; Paper 1). The formation is present in its
entirety on Hopen, with the type section being defined at the mountain of Flatsalen, in the northern part
of the island. The Flatsalen Formation is seen to be slightly condensed on eastern Spitsbergen (Lord et
al., 2017; Paper 4). Marine vertebrate fossils are also present in the middle of the formation on Wilhelmoya
and Hopen. Dating by palynology, ammonoid biostratigraphy and magnetostratigraphy determine the unit
to be Norian in age (Mork et al., 1999a; Lord et al., 2014a; Paper 1).

The Slottet Bed is somewhat enigmatic throughout Svalbard. On Hopen, the Slottet Bed is a hard, carbonate
cemented sandstone with phosphate nodules, which is ca. 2 m thick (Merk et al., 1999a; Merk et al., 2013;
Appendix 1). On Wilhelmoya the Slottet bed is represented by a 3—5m thick limestone, overlying bioclastic
sandstone that sits directly atop the red and green, nodular clays of the Isfjorden Member (Haugen,

2016; Lord et al., 2017; Paper 4).

The Late Triassic — Early Jurassic Svenskeya Formation (Figs. 4C, D) unconformably overlies the Flatsalen
Formation, with an erosive base and may represent a major sequence boundary in this area (Mork et al.,
1999a; Lord et al., 2014a, Paper 1; Paterson et al., 2016, Paper 3; Paper 5). The thickest exposures of this
unit are present at the type section on Svenskeya, Kong Karls Land (Merk et al., 1999a). Exposures of the

unit are also present on Hopen, Wilhelmeya and eastern Spitsbergen (Paterson et al., 2016, Paper 3; Paper 5).

The Svenskeya Formation is fluvial-deltaic in nature and consists of mature, well sorted and medium to
coarse-grained sandstone deposited in fluvial channels, shoreface and tidal flat environments. Exposures
show well developed large scale cross-stratification and plant fragments are abundant (Lord et al., submitted,
Paper 5). On Kong Karls Land, the formation is devised into two member units, the Sjegrenfjellet and
Mohnhegda members (Mork et al., 1999a). The Kongseya Formation (Fig. 4D) is defined at its stratotype on
Kong Karls Land by Merk et al. (1999a) and regarded as being Toarcian to Bathonian in age, consisting of



heavily bioturbated fine-grained sandstones and mudstones containing siderite beds or concretions (Merk et
al., 1999a). On Wilhelmaya, the Keisarkampen Member is defined as representing the Kongseya Formation
and consists of an unconsolidated, orange-yellow coloured, medium-grained sandstone unit (Merk et

al., 1999a). Coal lenses and tree trunks are abundant, as are nodules of ferrous sandstone.

The De Geerdalen Formation in central and western Spitsbergen is overlain by the Knorringfjellet Formation
of the Wilhelmeya Subgroup, which was deposited throughout the Norian to Bathonian (Pcelina, 1965;
Bjerke & Dypvik, 1977; Korcinskaja, 1980; Béckstrom & Nagy, 1985; Merk et al., 1999a). The
Knorringfjellet Formation is defined within the Wilhelmegya Subgroup, consisting of a succession

of phosphate rich conglomerates, which represents a condensed section (Merk et al., 1999a).

The Wilhelmeya Subgroup is an extensive unit extending discontinuously through time, to near the end of
the Bathonian period (Pcéelina, 1965; Bjerke & Dypvik, 1977; Korc¢inskaja, 1980; Backstrom & Nagy,
1985). The Wilhelmoya Subgroup terminates at the Brentskardhaugen Bed (Mark et al., 1982; Béckstrom &
Nagy, 1985; Mork et al., 1999a). The Brentskardhaugen Bed is overlain by a succession consisting mostly of
fine-grained black shale with a silty-sandy base belonging to the Agardhfjellet Formation (Fig. 4D) of the
Adventdalen Group and Janusfjellet Subgroup (Merk et al., 1999a).

Triassic Palaeogeography

Continental plate reconstructions, by Cocks and Torsvik (2007), have led to the interpretation that the
Barents Sea shelf and the Svalbard archipelago was situated in a shallow epicontinental sea in the northern
part of Pangea, during the Triassic (Riis et al., 2008). The sea was bound to the west by Greenland
(Laurentia), to the south by Fennoscandia and Baltica, and to the east by the Siberian terrane. The
epicontinental seaway formed a suitable basin that allowed for the deposition of sediment throughout the

Triassic.

The Uralian Mountains provided a significant sediment input into the Barents Sea basin from the east and
southeast (Mark, 1999; Riis et al., 2008; Glerstad-Clark et al., 2010; Miller et al., 2013). Merk (1999),
Harstad (2016) and Fleming et al. (2016) present arguments for sediment being derived from areas further to
the east, likely the Taimyr region, especially for the latest part of the Carnian in the Svalbard and northern
Barents Sea area; this is also suggested by provenance studies by Bue and Andresen (2013). Sediment yield
was significant enough to infill large areas of the basin with siliciclastic material in deltaic deposits
extending from the basin margins from the Permian (Eide et al., in press), eventually infilling the entire basin
by the Late Triassic (Merk et al., 1982; 1999a; Glerstad-Clark et al., 2010; Lord et al., 2014a; Paper
1; Lundschien et al., 2014; Rod et al., 2014; Enga, 2015).

During the Early Triassic, pelagic shales and siltstones were deposited in the central areas of the
basin, with coarser clastic sediments being deposited at the basin margins (Merk et al., 1982; Nystuen
et al., 2008a, b; Riis et al., 2008). During the Middle Triassic, widespread subsidence and deepening

of the basin occurred, which resulted in an overall deep shelf environment and highly organic-rich muds



were deposited (Mork et al., 1982; Mork & Bjoray, 1984; Krajewski, 2008, Merk & Bromley, 2008).

The De Geerdalen Formation on Svalbard represents the north-western deposits of a large-scale regressive
deltaic system, prograding into the shelf area during the late Triassic. In the southern and central parts of the
Barents Sea it is defined as the Snadd Formation with a lower boundary beginning in the Ladinian (Merk et
al., 1982, 1989; Worsley et al., 1988; Riis et al., 2008; Glerstad-Clark et al., 2010; Lundschien et al.,
2014; Klausen et al., 2015). Ladinian to Norian clinoforms can be viewed in seismic lines shot to
the east and south-east of Svalbard (Riis et al., 2008; Glerstad-Clark et al., 2010; Hoy & Lundschien, 2011;
Anell et al., 2013, 2014a, b; Lundschien et al., 2014; Paper 6).

Triassic Sequence Stratigraphy in Svalbard

The Triassic transgressive — regressive sequences are well documented in Svalbard (e.g. Merk et al., 1989;
Mork, 1994; Egorov & Merk, 2000; Merk & Smelror, 2001). These sequences in Svalbard closely
match lithostratigraphic subdivisions (Merk, 1997) and can be seen to correlate well to stages in
geological time. Mark (1994, 1997) shows that transgressive and regressive events in Svalbard can be seen
to be near contemporaneous with stage subdivisions, based on biostratigraphic dating for each major
sequence. Four of these boundaries are interpreted as being synchronous throughout the Early and Middle
Triassic in Arctic Basins. Eustasy is interpreted as the primary mechanism for transgressive — regressive
cycles, whether controlled by tectonics or not (Merk et al., 1989). Merk (1994) also concludes that

individual transgressions that are independent between each Arctic basin are likely controlled by tectonics.

Earlier works documenting the extent of circum-arctic sequences, such as Mark et al. (1989), recognised the
presence of at least nine transgressive — regressive sequences in the Mesozoic succession in the Arctic. Later
studies by Riis et al. (2008) and Glerstad-Clark et al. (2010), presented a sequence stratigraphic framework
for the northern Barents Sea area, based on seismic data collected by the NPD. The study documented a
series of well-developed clinoforms prograding in a NW direction towards the Svalbard platform from the
Ladinian to the Olenekian. Unlike Merk et al. (1989), Merk (1994), Merk and Smelror (2001), Merk and
Worsley (2006) or Embry and Merk (2006), the study concluded that five major seismic sequence
boundaries are present in the northern areas of the Barents Sea for the Early and Middle Triassic, as opposed

to the earlier recognised number of major sequences (3) by Merk and Smelror (2001) for the same interval.

Hoy and Lundschien (2011) furthered this study by including northern seismic datasets and interpreted a
sequence of clinoforms from the Ladinian to Carnian. Sequences are seen to be in the order of 2—400 m in
thickness which is inferred to represent water depths at the time of deposition, although it is not clear if
compaction is taken into account. Four seismic sequences are recognised throughout the Carnian succession
offshore, which are not immediately evident in Svalbard. Anell et al. (2014b) relates this lack of obvious
clinoforms to the advance of deltaic sequences onto the Svalbard platform, where lack of accommodation

space causes rapid advance and a shallower trajectory.



The indication of a fixed number of high order sequences throughout the Boreal Triassic, that can be further
recognised worldwide, implies a common control on the formation of these sequences, a suggestion leading

to the idea of global tectonics as the driving force (Embry, 2006; Embry & Merk, 2006).

Work Synthesis

An expedition to the island of Hopen in 2011 focussed on collecting valuable sedimentological and map
data. This work resulted in several publications, in addition to an updated geological map (Merk et al., 2013,
Appendix 1) and the definition of a new lithostratigraphic unit (Lord et al., 2014a, Paper 1). The map was a
significant improvement over the unpublished version (Dallmann, 2009) and incorporated the description
onto the map sheet. Mork et al. (2013, Appendix 1) also introduced the Hopen Member, prior to the formal
definition by Lord et al. (2014a, Paper 1). The addition of a new member unit was further strengthened by
palynological studies by Paterson and Mangerud (2014) and Paterson et al, (2016, Paper 3). The correlation
to the Isfjorden Member defined for Spitsbergen at the time (PCelina, 1983; Merk et al., 1999a) suggested a

change in depositional styles from northwest to southeast.

The cause for the change in depositional style within the upper part of the De Geerdalen Formation in
eastern Svalbard is unknown. A potential cause may have been due to increased accommodation space in the
east of Svalbard, as a result of faulting along the Lomfjorden and Storfjorden fault zones
(Dallmann et al., 2015a). However, studies in the Agardhbukta area (Haugen, 2016; Lord et al., 2017,
Paper 4) discovered that this was not the case and the Isfjorden Member was present on both sides of
the fault zone, with no change in depositional styles being observed. A shallow drilling program by the
NPD in 2015 (Simonstad et al., 2017) collected core samples from much of the Late Triassic Succession
offshore Kviteya, in the north-eastern corner of Svalbard and this new data may shed further light on the

extent of these two member units. However, this data is still confidential at present.

As the main interest in Hopen was driven by exploration interests in the Barents Sea, a major focus of the
2011 and subsequent 2012 and 2013 expeditions to the island was to document the occurrence of sandstone
channel bodies. The fundamental data collection was a series of high resolution photographs to be used to
construct a geological model of the island. This mammoth task was completed by Solvi (2013) and
incorporated data provided from onshore field studies. Klausen and Merk (2014) furthered this work
by conducting a sedimentological study of the islands, documenting its palacogeography and

comparing the channel bodies to those observed in seismic lines from the Barents Sea.

Lord et al. (2014b, Paper 2) focussed on expanding the work of Solvi (2013), by classifying all of the
identified sandstone body types into different channel types and positioning them in the stratigraphy, in order
to ascertain their stratigraphic importance. The understanding gained from this study and Lord et al. (2014a,
Paper 1) also had implications for the understanding of the De Geerdalen Formation north of Hopen. On

Edgegaya, the formation is widely exposed and early geological maps (prior to those presented by Dallmann



& Elvevold, 2015) featured the Wilhelmeya Subgroup in the southern part of the island. An expedition to the
Tjuvfjorden area of Edgesya was conducted in 2014, with samples collected from the highest exposed point
by the candidate being submitted for palynological dating to ascertain the age. The results indicated a
distinctively Carnian age for the shale units seen on the summit of mountains in southern Edgeoya (Niall
Paterson pers. comm. 2014). Thus, the geological map was amended following this new interpretation with
the updated maps being published in Dallmann and Elvevold (2015). The exposed section from Hopen could
then be inferred to represent the missing Upper Triassic succession from Edgeeoya as suggested by

Lundschien et al. (2014).

It is not known exactly what interval the lower part of the Upper Triassic succession on Edgeaya represents
in relation to that from Hopen, but a number of observations regarding the Upper Triassic succession in

south east Svalbard can be made:

1. There is significant thinning of the Triassic Succession from Hopen, as envisaged by the gamma log
from well 7626/5-1 (“Hopen 2” see Meork et al., 2013, Appendid) in comparison to recorded
sections in Spitsbergen (Merk et al., 1999a; Vigran et al., 2014; Lord et al., 2017, Paper 4).

2. The exposed section of the Upper Triassic from Hopen can be somewhat ‘superimposed’ atop
sections from Edgepya, in order to gain insight into the nature of the succession (e.g. Lundschien et
al., 2014). However, a considerable thinning of the Upper Triassic has either occurred between
Edgeoya and Hopen, or a larger proportion of the section is still missing. Thus, thickness estimates
for the missing Triassic succession from Edgeaya should still be regarded as tenuous.

3. The considerable thinning of the Upper Triassic succession, from the east and southeast, towards the
west is likely due to the emergence of the Svalbard platform, probably during the Late Triassic. The
emergence of this area may be argued to be a contributing factor to syn-depositional growth faulting,
seen in the Tschermakfjellet and lower part of the De Geerdalen formations, throughout eastern
Svalbard (Edwards, 1976; Red, 2011; Anell et al., 2013; Osmundsen et al., 2014). A lack of
accommodation space due to the emergence this platform area of eastern Svalbard (Fig. 2B,
Dallmann et al., 2015a), may have resulted in an unstable delta front at the time, which rested on a
hard shale unit (the Botneheia Formation) which had undergone early cementation. Growth faulting
in the Upper Triassic succession is notably seen at Kvalpynten in southern Edgeoya. However, it is
also evident elsewhere in Edgeoya and Barentseya. Growth faults are seen to become listric at the
boundary with the Botneheia Formation at many localities, with no evidence for underlying fault
activity or offset in the Middle Triassic units (Red, 2011). A tectonic mechanism, with deep-rooted
faults driving growth faulting at Kvalpynten, is proposed by Anell et al. (2013) and Osmundsen et al.
(2014). However, conclusive evidence from the field is still lacking and reasonable counter
arguments have been made (e.g. Klausen, 2013). It is most likely the result of a combination of
factors that have resulted in the destabilisation of the delta front and growth faulting in eastern
Svalbard.
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Following an extensive period of fieldwork in eastern Spitsbergen and northern Storfjorden, it was possible
to begin extending the understanding of the Upper Triassic succession, that had been gained from
Edgeoya and Hopen, to more northern localities. In Paper 4, the sedimentology of the Upper Triassic

succession in eastern Spitsbergen, Barentsgya and Wilhelmeoya is addressed.

The study found that the lower part of the Upper Triassic succession represents shallow marine deposits,
with the remaining part of the succession being deltaic and composed largely of proximal facies. This
included the northernmost exposures at Wilhelmeya. Prior to fieldwork it was expected, based on earlier
works, that this area should be formed from the most distal facies. This trend in facies development bolsters
the interpretations of a delta system prograding from a northern area, possibly sources from the Taimyr area
of Siberia (Harstad, 2016; Fleming et al., 2016) as opposed to being purely derived from the Uralide
Mountains. Recent data from wells drilled in the Kviteya area also show a significant thickness increase
(1500-1800 m) in the Upper Triassic succession in the northeast (Simonstad et al., 2017) which may further
strengthen this hypothesis. However, significant evidence from seismic and outcrop studies still supports the
presence of a north westwards prograding deltaic system at this time (e.g. Riis et al., 2008; Glerstad-Clark et
al., 2010; Hoy and Lundschien, 2011; Lundschien et al., 2014; Klausen & Merk, 2014; Anell et al., 2014a)

with counter arguments only being supported by limited provenance data.

Prior to the fieldwork campaign in 2015, the Isfjorden Member was not extended further than eastern
Spitsbergen and it was hypothesised by Lord et al. (2014a, Paper 1) that the Hopen Member may extend
to Wilhelmgya. However, this was proven to not be the case (Haugen, 2016; Lord et al., 2017, Paper 4), as
alternating red and green palacosol beds of the Isfjorden Member were observed at localities in north-
eastern Spitsbergen and Wilhelmeaya. The shallow marine deposits in the Hopen Member may thus reflect a
lateral change in deposition as part of a deltaic system, e.g. an interdistributary bay (Olaussen et al., 2015), as

opposed to being a direct result of eustatic changes in sea level.

A number of visits to Hopen in 2012 allowed for detailed studies to be conducted on one of the enigmatic
lithostratigraphic units on the island, the Svenskeya Formation. The unit is included within the Wilhelmoya
Subgroup, the onshore equivalent to the Realgrunnen Subgroup of the southern Barents Sea. Recent
exploration interests in the Realgrunnen Subgroup have actualised the requirement for gaining an improved

understanding of the unit’s onshore equivalents.

Hopen does not feature a complete succession of the Svenskeya Formation, only the lower 35 m.
However, this part is missing from the type section on Kong Karls Land (Smith et al., 1976; Larssen et
al., in prep.; Smelror et al., in prep.). This means the base of the unit is exposed and can be discussed, as it is
considered to be an important sequence stratigraphic boundary throughout eastern Svalbard. The same
boundary can be seen in wells from the Sentralbanken area of the Barents Sea. The nature of the

Svenskeya Formation on Hopen, Wilhelmoya, Kong Karls Land and Sentralbanken is addressed in Paper 5.
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The unconformity at the base of the Svenskeya Formation can be traced from Hopen to Wilhelmaya, Kong
Karls Land and Sentralbanken and is likely traceable to southern areas of the Barents Sea. The Svenskeya
Formation corresponds to the upper part of the Fruholmen Formation and the Tubden Formation (Merk et
al., 1999a; Klausen et al., 2016). Towards Wilhelmgya the base is somewhat covered and the
earlier interpretations of an erosive base by Worsley (1973) and Smith (1975) have been maintained as it

is likely the case.

The Svenskeya Formation on Hopen was interpreted to be composed of fluvial and deltaic sandstones,
deposited as part of a destructive delta. Samples were recovered and these were submitted for thin sectioning
at NTNU. Petrographic analysis determined the composition to be sub-arkosic on Hopen with the uppermost
part of the formation being arkosic. This was then compared with petrographic data from the Sentralbanken

area provided by the NPD to discuss the reservoir properties of the unit.

Understanding of the development of the Triassic succession in Svalbard, and to ascertain good links to
the succession offshore in the northern Barents Sea, is most feasible using sequence stratigraphy. In Paper 6,
the sequence stratigraphic development of the Triassic succession is addressed, building on
numerous early studies (e.g. Moark et al., 1989; Merk, 1994; Egorov & Maerk, 2000; Merk & Smelror,
2001; Riis et al., 2008; Glerstad-Clark et al., 2010; Anell et al., 2014a; Vigran et al., 2014).
Here, the major transgressive — regressive sequences are broken down in to parasequences and
sub-sequences using an extensive dataset collected throughout Svalbard. These sequences are then
used to discuss the regional development of the Triassic succession throughout Svalbard and the northern

Barents Sea.

Paper 6 is part of an ongoing project with the NPD and has the benefit of access to a continuous stream of
new data, which has direct implications for the study. This, however, is of great benefit and allows

for improved understanding in a number of areas:

1. The assignment of stratigraphic nomenclature has been avoided by many studies (Riis et al., 2008;
Glerstad-Clark et al., 2010; Hoy & Lundschien, 2011), opting instead to use ages for sequences
observed in seismic lines. With improved well control, from new data (e.g. Simonstad et al., 2017)
integrated with the understanding from Svalbard, accurate use of stratigraphic terminology for the
offshore area can potentially be achieved.

2. With the increased discussion of Triassic provenance areas, a concise understanding of the
development of Triassic sequences in the north-easternmost part of the Barents Sea will aid the
discussion regarding a system depositing sediment derived from Novaya Zemlya or the Taimyr area
of Siberia as proposed by Merk (1999), Harstad (2016) and Fleming et al. (2016). These studies at
present are still tenuous, as they are based purely on provenance studies without supporting evidence
from sedimentology or seismic. The latter two fields of study have shown largely contradictory

evidence to this theory (e.g. Riis et al., 2008; Hoy & Lundschien, 2011; Anell et al., 2014a, b).
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Concluding Remarks

It is without doubt that there is still a significant amount of work that remains to be conducted on the Triassic
succession in Svalbard. The enigmatic region of Oscar II Land in the northwest of Svalbard, for example, has
eluded sedimentologists, due to the extreme levels of deformation that occurred during the Cenozoic. The
thickness development in the Lower Triassic in this region is touched upon in Paper 6. However, detailed
measurement of sections and a strong understanding of compressional tectonics in a foreland area are

required to unravel the nature of Triassic rocks in this area.

Similarly, to the east and offshore into the Barents Sea, little understanding has been gained as to the
development of the Svalbard platform, following the deposition of the Botneheia Formation during the
Middle Triassic. Considerable thickness variations of the Upper Triassic succession are observed throughout
the region. The Upper Triassic thins from some 1200 m to around 270 m, from the east (offshore) to west
(central Spitsbergen) and little advances have been made in the understanding as to how the units thin so
considerably from offshore areas onto the Svalbard platform. The presence of marine shales of the Botneheia
Formation throughout the region suggests that the mechanism driving uplift of the platform did not occur

until the Carnian and this is evidenced by the lack of observable clinoforms in the archipelago.

Advances in provenance studies and new data from confidential stratigraphic wells, suggest
a new palacogeographical model for the Late Triassic is also required and this will be aided by the
understanding gained from Paper 6. A system building from the south east is logical for the Early and
Middle Triassic, whilst for the study area, provenance studies suggest a varying sediment type originating
from the Uralides and likely the Timanide areas of Siberia. Well defined clinoform sequences in the
northern Barents Sea show a linear coastline prograding towards the northwest (Klausen et al., 2015). Thus,
there is little evidence for a system prograding westwards from the east or northeast, that has yet been
observed in seismic data. Thus, developing a model that can account for this sediment input should be of
great importance, especially to those attempting to unravel the complex sediment dispersal patterns for

the northern Barents Sea and Svalbard during the Triassic.
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