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Preface

This PhD thesis is submitted in fulfilment of the requirements for the
degree of Philosophiae Doctor (PhD) at the University of Stavanger
(UiS), Norway. The research was carried out between June 2014 to June
2018 and it was funded by the LoCrA consortium
(https://wp.ux.uis.no/locra). During this period, | worked as a research
fellow in the Department of Energy Resources, Faculty of Science and
Technology at UiS. My main supervisor is Professor Alejandro Escalona
(UiS) and my co-supervisor is Professor Nestor Cardozo (UiS). Industry
collaboration was additionally established with Tore Akermoem and
Peter Abrahmson from MultiClient Geophysical, and with Emilie
O’Neill from WesternGeco. During my PhD, | helped Professor
Alejandro Escalona with the teaching of the introductory bachelor course
in Geology (GEO100) and contributed to some courses in the Master of
Petroleum Geosciences.

This research has resulted in five publications. Four of these have been
published in different journals, including: Journal of Geodynamics,
Journal of Structural Geology, and Marine and Petroleum geology. One
manuscript has been submitted to Marine and Petroleum geology and is
currently under review. Besides these publications, | have presented my
research in several conferences, seminars, and E&P oil and gas
companies. This thesis is structured similarly to a scientific paper and
consists of two chapters. The first chapter is an introduction to the thesis,
with a description of the general problems, motivation, objectives,
results, discussion, and conclusions. The second chapter is a compilation
of the five papers forming the main body of the thesis. Supplementary
material such as conference abstracts are provided in the appendices.
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Abstract

Structural styles and stratigraphic patterns along North Atlantic margins
display a large spectrum of complexity and variability. An extensive
amount of subsurface data from the north-central and south-western
Barents Sea are used to: (1) at a larger scale understand how various plate
tectonics regimes controlled structuring, faulting and sedimentation
along the northern and southern margins of the Barents Sea; (2) at a
smaller scale understand how the structural evolution of basin bounding
faults impacted sedimentation in basins which were affected by one or
more phases and multiple directions of extension; and (3) improve the
knowledge about the paleogeography of the Barents Sea. In order to fulfil
these objectives, this research consists of a systematic analysis which is
summarized in five journal articles.

Paper 1 improves the existing knowledge of the Early Cretaceous
tectonostratigraphic development of the north-central Barents Sea based
on observations from subsurface data, structural and plate tectonic
restorations in an area distal from the northern margin of the Barents Sea.
As result of this work, compressional tectonics in the Early Cretaceous
is suggested to be induced by the opening of the Canada Basin which
triggered reactivation of Late Palaeozoic normal faults in reverse mode.
Reverse movement along these faults caused the formation of NE
oriented structural highs and anticlines, which controlled and routed the
progradation of Lower Cretaceous clastic material from the northern to
the southern margins of the Barents Sea.

The second paper focuses on understanding the Early Cretaceous
structural evolution of the Tromsg Basin (proximal southern margin of
the Barents Sea) in the context of the geodynamic processes acting in the
southwestern Barents Sea. We propose an Early Cretaceous structural
evolution of the Tromsg Basin which explains the formation of
compressional features during rifting in the south-western Barents Sea.
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2D gravity modelling and 2D structural restoration along a key regional
composite seismic section, facilitated the interpretation and assessment
of geodynamic constrains for the deeper structures below the Lower
Cretaceous. These reveal thinner crust below the Tromsg Basin as
compared to the Sgrvestnaget and Hammerfest basins, which is
suggested as the result of oblique extension in the southwestern margin
of the Barents Sea.

In the third paper and at a smaller scale, we integrate stratigraphic and
structural observations with throw backstripping and time thickness
maps to define the growth processes of a basin-bounding normal fault in
the northern Polhem subplatform. During the initial Early Cretaceous
rifting, the fault system consisted of at least five en-echelon segments,
which were ca. 5-10 km long. Throw backstripping indicates that fault
segments were hard-linked after this initial stage to form a single 40 km
long fault zone. Cross fault incised valleys provide additional
information on the topographic response to fault growth. Major valley
incisions at the fault linkage zones outline the extent of the individual
fault segments and support early isolated fault growth.

The fourth paper focuses on a genetic correlation of the Lower
Cretaceous succession between the north-central and south-western
Barents Sea and Svalbard. The structural framework defined in paper 1
is used to locate the main sediment routes and progradation directions.
The latest Valanginian to earliest middle Albian sequences in the
offshore Barents Sea are correlated with the onshore Rurikfjellet,
Helvetiafjellet and Carolinefjellet formations in Svalbard. This results in
the reconstruction of four paleogeographic maps that show the
progressive evolution and sediment distribution over the Norwegian
Barents Sea for: (1) the earliest VValanginian, (2) the latest Hauterivian,
(3) the middle to late Barremian and (4) the latest Aptian.

In the fifth paper, three tectonic events are suggested to control the
deposition of the diachronous Lower Cretaceous clastic wedges around

vii



the Loppa High: 1) the latest Jurassic — earliest Cretaceous uplift of the
Loppa High which triggered the deposition of the older wedges
progressively eastwards in the northern Hammerfest Basin; 2) the late
Barremian—Aptian faulting episode in the western flank of the Loppa
High, which resulted in the deposition of shallow and probably deep
marine wedges; and 3) the latest Aptian to earliest Albian tilting of the
Hammerfest Basin and the Loppa High, which modified the
sedimentation patterns in the region.

The results of this research can be applied beyond the Barents Sea, as
they provide insights into margins and basins evolution, specifically on
how: (1) oblique deformation along margins can control the inversion of
pre-existing structures and routing of sediments, as well as modify
paleogeography; (2) the growth of basin-bounding normal faults can
affect sedimentation, with incised channels reflecting the early stage of
fault growth; (3) paleogeographic reconstructions that reflect both the
tectonic and stratigraphic setting can be used to understand sand
distribution and sediment partitioning.
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Introduction

1 Introduction

The Norwegian Barents Sea is part of an epicontinental basin (Fig. 1A)
that exhibits a variety of tectonic regimes and structural architectures
along its margins. Its tectonic history is mainly attributed to: 1) the Late
Palaeozoic initial rifting that formed NE-SW striking rift basins; 2) the
Late Jurassic — Early Cretaceous North Atlantic rifting which
rejuvenated inherited structures; and 3) the Late Cretaceous — Paleogene
strike-slip and extensional tectonics, which dominated the western and
northern margins respectively (Breivik et al., 1998; Doré, 1991; Faleide
et al., 1993; Gudlaugsson et al., 1998; Minakov et al., 2012; Ritzmann
and Faleide, 2007; Ryseth et al., 2003).

The Late Jurassic — Early Cretaceous tectonic processes are related to
changes and reorganizations in plate tectonic configurations in the North
Atlantic and Arctic regions (Lawver et al., 2002). Plate tectonic models
for this time are uncertain due to the lack of constrains (e.g. lack of age
control of magnetic anomalies and limited subsurface data; Hosseinpour
et al., 2013; Rowley and Lottes, 1988; Seton et al., 2012). Therefore, the
Early Cretaceous geodynamic processes related to the propagation of the
North Atlantic rifting, the formation of the Canada Basin, and the
influence of the High Arctic Large Igneous Province (HALIP) are some
of the main tectonic events that modified the entire structural and
paleogeographic setting of the Norwegian Barents Sea (Bryn et al.;
Glgrstad-Clark et al., 2011; Grogan et al., 1998; Grogan et al., 1999;
Grundvag and Olaussen, 2017; Henriksen et al., 2011; Kayukova and
Suslova, 2015; Worsley, 2008). Therefore, understanding of these
regional tectonic processes in the context of the structural and
stratigraphic development of the Norwegian Barents Sea is crucial to
better constrain the timing of tectonic events, geodynamic processes and
plate kinematics of the North Atlantic and Arctic regions.
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Introduction

This study is a part of larger research project named “Lower Cretaceous
Basin studies in the Arctic” (LoCrA; http://locra.ux.uis.no/), which is a
consortium between industry and academia with the aim to enhance the
knowledge of the tectonic configuration and basin infill in the Arctic
during the Early Cretaceous. This study is focused on various scales of
observation from margin to sub-basins in order to understand the
interaction between tectonics and sedimentation, and involves the
following problems:

12
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Figure 1A) Main structural elements of the Barents Sea. The polygons highlight the location of
the study areas of this research. Papers 1 and 4 (red polygon) are focused on the larger scale of
the north-central Barents Sea. B) Papers 2, 3 and 5 (grey, blue and red polygons) are focused on

a basin scale in the southwestern Barents Sea.
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1.1 Problem 1. Distal impact of margin
deformation to an intra-cratonic basin and
development of drainage systems

The northern margin of the Barents Sea has been less studied as
compared to the other margins (e.g. southwestern Barents Sea; Fig. 1A).
This is mainly due to limited data availability and the fact that the area is
restricted for any commercial exploration. The structural evolution of the
area is a key element for understanding the complex plate tectonic
configuration of the Arctic region during the Early Cretaceous (Fig. 2).
Most authors agree that during the earliest Cretaceous, the northern
margin of the Barents Sea was dominated by compressional tectonics
that resulted in the formation of NE oriented structural highs and
anticlines due to reverse reactivation of the Late Paleozoic normal faults
(Faleide et al., 2008; Grogan et al., 1998; Grogan et al., 1999). This
resulted in SW and SE progradation of the Lower Cretaceous clastics
today outcropping in Svalbard and Franz Josef Land (Glgrstad-Clark et
al., 2011; Henriksen et al., 2011; Worsley, 2008). However, this event is
poorly described and its link to the tectonic processes in the Arctic region
remains unknown.
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Figure 2 Plate tectonic reconstruction for the Barents Sea during the Hauterivian (130 Ma).
From a plate tectonic model provided by the “Plates” project at the Institute for Geophysics,
University of Texas. The map shows the major tectonic events during the Early Cretaceous
along the Barents Sea margins (red arrows and stippled lines).

1.2 Problem 2. Tectonic basin development
and its impact on sedimentation along the
basin margin

In the southwestern margin of the Barents Sea, the propagation of the
North Atlantic rifting resulted in extensional tectonics with the
development of deep basins and highs (Clark et al., 2014; Faleide et al.,

2008; Gabrielsen et al., 1990; Indreveer et al., 2016; Regnnevik et al.,
1982) (Fig. 1B). The interpreted structural framework of the Tromsg
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Basin consists of faults which cannot be entirely explained by a
stretching direction perpendicular to the main rift trend, and hence the
evolution of some structures involving compression (e.g. Senja Ridge,
Loppa and Veslemgy highs, Tromsg Basin) remains controversial
(Faleide et al., 1993; Gabrielsen and Farseth, 1988; Indreveer et al.,
2013; Riis et al., 1986) (Figs. 3a— 3c). It has also been suggested that the
complex structural configuration and sedimentation of the southwestern
Barents Sea was influenced by inherited Caledonian or even older
Precambrian basement structures (Barrere et al., 2009; Braathen et al.,
1999; Doré, 1991; Fichler et al., 1997; Gabrielsen, 1984; Gernigon et al.,
2014; Ritzmann and Faleide, 2007; Tsikalas et al., 2012). However,
despite the apparent continuity and alignment of these structures with
lineaments identified in the gravity or magnetic data (Tsikalas et al.,
2012; Gernigon et al., 2014; Indreveer et al., 2013), it is not clear how
pre-existing basement faults controlled the evolution, architecture and
sedimentation of the Tromsg Basin.

o ‘Lﬁ.'% & “’x//

o o
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&‘{ Loppa RN Lopp:
e High 0 High
¥
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3;‘ Bl AHammerfest
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Compressional feature
Strike slip/Shear
Rotation

s Extension direction

¥ Compression direction

Figure 3. Simplified sketch of previously proposed regional tectonic models for the Late Jurassic
- Early Cretaceous tectonic evolution of the Tromsg Basin. Notice the differences in the Senja
Ridge and Veslemgy High interpretations, as compressional structural features are formed by
either a) sinistral and b) dextral strike-slip faulting along the Bjgrngyrenna and Ringvassoy fault
complexes (Riis et al., 1986; Gabrielsen and Ferseth, 1988), or c) regional extensional system
with sinistral strike-slip movement along the Bjgrngyrenna fault complex (Faleide et al., 1993)
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1.3 Problem 3. Impact of basin bounding
normal faults evolution on sediment
dispersal

During the Early Cretaceous, active and growing normal fault systems in
the southwestern Barents Sea controlled the distribution of the Lower
Cretaceous clastic wedges along major fault complexes (Glgrstad-Clark
etal., 2011; Henriksen et al., 2011; Seldal, 2005; Sund et al., 1986; Wood
et al., 1989) (Fig.1B). Most of the studies in the southwestern Barents
Sea have been focused on the deposition of clastic wedges along major
faults or structural highs to infer the timing of fault activity and the stage
of rift development (Knutsen et al., 2000; Marin et al., 2018; Prosser,
1993). These studies mainly assess the final fault geometries and
displacements, and rarely look at the impact of fault evolution on the
topographic and sedimentary response (Cartwright et al., 1995;
Mansfield and Cartwright, 2001; Peacock and Sanderson, 1991). At a
smaller scale than that of the northern and southern margins (problems 1
and 2), assessing the history of growth of basin bounding normal faults
is important to understand changes in basin paleo-topography during
fault evolution, as it can provide information about early sedimentary
entry points and drainage areas (Gawthorpe and Leeder, 2000).

17
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2 Research aim and objectives

This research focuses on multi-scale observations in the north-central
and the southwestern Barents Sea from (1) far field tectonic effects on
the Barents Sea margins, to (2) basin scale structural development, and
to (3) individual fault segments evolution with implications for
sediments dispersal (Figs. 1a and 1b). Considering this, the main
objectives are:

1. Document the structural and stratigraphic evolution of the north-
central Barents Sea during the Early Cretaceous, including the
understanding of the mechanisms that controlled compressional
tectonics in the area and its impact on paleogeography. Also
improve the understanding of the regional tectonic processes in
the Artic region (e.g. opening of the Canada Basin) and how these
processes affected the study area.

2. Describe the evolution, geometry and structural style of the major
faults of the Tromsg Basin and their influence on deposition of
the Lower Cretaceous sedimentary sequences. This contributes to
the understanding of the geodynamic processes in the
southwestern Barents Sea, and explains the formation of
compressional features in this area.

3. Understand the structural mechanisms controlling the
sedimentation patterns and variation of depositional
environments around the Loppa High. This contributes to a better
knowledge of tectonic and sedimentation in complex areas which
experienced more than one phase and multiple directions of
extension.

This study is multidisciplinary and it integrates seismic, potential field
and well data interpretation, sedimentology and biostratigraphy. To
achieve the above goals, we use a subsurface dataset of 2D and 3D

18
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seismic data and wire line logs, which were provided by the Norwegian
Petroleum Directorate, MultiClient Geophysics and WesternGeco.

The study comprises three main articles in which I am the first author,
and two additional articles led by Dora Marin and Sten-Andreas
Grundvag, respectively. The main three articles target specific problems
related to the structural style and kinematics of basin margins and their
bounding faults. The additional two articles are related to the integration
of the sequence stratigraphic and tectonic framework of the Barents Sea
during the Early Cretaceous. To meet the specific objectives of each
paper, the research was performed as follows:

In the first paper, a regional subsurface study of the north-central Barents
Sea was performed. Detailed mapping of major faults and structural
elements on the Norwegian and the Russian Barents Sea resulted in a
holistic understanding of the various regional tectonic processes in the
Arctic region, which affected the northern margin of the Barents Sea
including its paleogeography.

In the second paper, a basin scale subsurface study was performed in the
Tromsg Basin and SW Barents Sea. The main emphasis was given to the
interpretation of the fault network and detailed timing of fault movement,
and the relation with the Lower Cretaceous sedimentary sequences. Also,
gravity modelling along a regional composite seismic section, followed
by structural restoration of this section that helped to constrain the basin
configuration in the context of the geodynamic processes in the SW
Barents Sea.

The third paper is based on a detailed 3D seismic interpretation in the
Polhem Sub Platform, SW Barents Sea. Detailed mapping of the footwall
and hanging wall stratigraphy helped to describe the sequential growth
of a basin bounding normal fault and how it controlled sediment
distribution and dispersal patterns during several phases of extension.

19
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In the fourth paper led by Sten-Andreas Grundvag, the Early Cretaceous
structural and stratigraphic framework of the offshore Barents Sea was
integrated with that from Svalbard. As a result, a tectonostratigraphic
link between the southwestern Barents Sea and Svalbard is discussed.

In the fifth paper led by Dora Marin, a 2D and 3D seismic interpretation
was performed around the Loppa High, SW Barents Sea. The tectonic
control on sedimentation patterns around the Loppa High is discussed.

20
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3 Study area and geological setting

The research was carried out in two margins of the Barents Sea: (1) the
north-central and (2) southwestern margins. These two margins are sub-
divided into basins, platforms and structural highs (Fig. 1).

3.1 The north-central Barents Sea

The north-central Barents Sea covers the offshore area between Svalbard
and the northern part of Novaya Zemlya (Fig. 1a). As mentioned before,
this area is poorly studied as compared to the remaining part of the
Barents Sea (e.g. southwestern Barents Sea).

Previous work in the region has documented a compressional event that
resulted in tectonic inversion during the Late Jurassic — Early Cretaceous
(Grogan et al., 1999). This compression resulted in reverse reactivation
of Late Palaeozoic, NE-SW and E-W striking normal faults (Fig. 2)
(Antonsen et al., 1991; Grogan et al., 1998; Grogan et al., 1999; Nikishin
et al., 2014; Nikishin, 2013). Lower Cretaceous clinoforms in the
southern Barents Sea reveal clastic source located to the NW and NE
which builds the shelf southwards (Grundvag and Olaussen, 2017;
Kayukova and Suslova, 2015; Marin et al., 2017). These northernly to
southernly progradation of the Lower Cretaceous clastic materials was
related to uplift, formation of structural highs and anticlines in the north-
central Barents Sea (Kayukova and Suslova, 2015; Olaussen et al., 2019;
Smelror et al., 1998). The north-central Barents Sea was also affected by
the formation of the High Arctic Large Igneous Province (125-122 Ma),
which resulted in extrusive magmatism and formation of WNW-ESE
trending dykes (Corfu et al., 2013; Dibner, 1998; Evenchick et al., 2015;
Polteau et al., 2016; Senger et al., 2014).

During the Cenozoic, transpressional and transtensional deformation
occurred between NE Greenland and the western Barents Sea. This
deformation was responsible for the formation of the Vestbakken
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provinces and the Svalbard fold and thrust belt (Bergh and Grogan, 2003;
Faleide et al., 2008). These events modified the structural configuration
of the north-central Barents Sea, by amplifying several structural highs
and basins (Anell et al., 2014; Grogan et al., 1999). This was followed
by glaciation and a tectonic uplift which caused erosion and exhumation
of the northern Barents Sea (Dimakis et al., 1998; Knies and Gaina,
2008).

3.2 The southwestern Barents Sea

The southwestern Barents Sea is located offshore of the north-western
corner of the Norwegian mainland (Fig. 1b). Starting from the Late
Palaeozoic, regional extension between Greenland and Norway resulted
in the formation of NE-SW and E-W trending grabens and half grabens
that were covered by Upper Carboniferous to Lower Permian carbonate
platforms and thick evaporites (Gudlaugsson et al., 1998; Larssen et al.,
2002). The Early Triassic is marked by a rift episode, which has been
documented in the North Atlantic region (Tsikalas et al., 2012). This
rifting episode may have continued until the Middle Triassic (Smelror et
al., 2009). During the Middle Jurassic — Early Cretaceous, northward
advance of the Atlantic rifting enhanced a NE-SW and E-W Late
Palaeozoic fault system and formed deep basins in the southwestern
Barents Sea such as the Harstad, Tromsg, Bjerngya and Sgrvestnaget
basins (Fig. 2) (Faleide et al., 2008; Gernigon et al., 2014). The Early
Cretaceous rift episode along the NE-SW and E-W trending fault
complexes (e.g. Ringvassgy-Loppa, Bjgrngyrenna, Asterias and Troms-
Finnmark) led to rapid subsidence and accumulation of the Lower
Cretaceous sediments (Clark et al., 2014; Faleide et al., 2008);
(Gabrielsen et al., 1990; Indrever et al., 2016; Regnnevik et al., 1982).
The Tromsg, Servestnaget and Bjgrngya basins experienced salt related
deformation during this rifting event (Gabrielsen et al., 1990; Larssen et
al., 2002; Sund, 1984). Three Early Cretaceous rift phases have been
interpreted in the southwestern Barents Sea: Berriasian—\Valanginian,
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Hauterivian—Barremian and Aptian—Albian (Faleide et al., 1993). Local
compression during the earliest Cretaceous has been identified in the
northern part of the Tromsg Basin. This has been suggested to be the
result of dextral strike slip movement along the Asterias Fault complex
(Berglund et al., 1986; Gabrielsen et al., 1990; Sund, 1984), or localized
tectonic inversion due to differential uplift of the Loppa High (Indreveer
etal., 2016).
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4 State of the art

This section is a short review of previous studies regarding (1) oblique
deformation and (2) fault growth styles along basin margins.

4.1 Obligue deformation

Commonly, oblique deformation occurs along margins where the
extension direction is not orthogonal to the rift (Dewey et al., 1998;
Sanderson and Marchini, 1984). The influence of obliquity on the
structural styles of rift systems varies. This is often due to the rift setting,
which is mainly controlled by tectonic inheritance (Hodge et al., 2018;
Manatschal et al., 2015; Morley, 2017; Phillips et al., 2018), or from
changes in crustal composition and configuration (Brune et al., 2017;
Molnar et al., 2017; Mondy et al., 2018; Sippel et al., 2017). It is difficult
to interpret oblique deformation using 2-D plane strain (Brune et al.,
2018). However, there are some key characteristics that can be attributed
to this process, for instance segmented en échelon border faults oblique
to the rift trend (Agostini et al., 2009; Brune and Autin, 2013; Clifton et
al., 2000; Corti, 2008; Withjack and Jamison, 1986), or uncommon
crustal thinning (e.g. sharp transitions) along the margin (Montési and
Behn, 2007).

In the Norwegian Barents Sea, propagation of the North Atlantic rifting
from the southwest towards the north-central margins was aborted during
the Cretaceous (Faleide et al., 2008) (Fig. 2). This has been associated
with complete reorganization of crustal extension which led to oblique
deformation in the southwestern Barents Sea (Faleide et al., 2008;
Gernigon et al., 2014). Early Cretaceous oblique deformation in the
southwestern parts of the margin is partially evident in the Tromsg and
Bjorngya basins, where the fault trends are oblique to the regional,
inherited structural grain (Breivik et al., 1998; Gabrielsen et al., 1990;
Gernigon et al., 2014; Henriksen et al., 2011; Ritzmann and Faleide,
2009; Smelror et al., 2009). Most of the plate tectonic reconstructions for
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the Early Cretaceous place the Canada Basin adjacent to the northern
margin of the Barents Sea (Barnett-Moore et al., 2018; Doré et al., 2015;
Seton et al.,, 2012). Opening of the Canada Basin (~145-126 Ma)
resulted in large scale crustal up-doming which affected the northern
margin of the Barents Sea (Alvey et al., 2008; Grogan et al., 1999). The
models for opening of the Canada Basin are still a matter of debate, and
they are supported by inconclusive or indirect observations (Cochran et
al., 2006; Dgssing et al., 2013; Dove et al., 2010; Lawver and Scotese,
1990). Recent studies (Alvey et al., 2008; Hadlari et al., 2016) reveal
evidences supporting oblique deformation along the northern margin of
the Barents Sea (e.g. northern margin of the Lomonosov Ridge;
Evangelatos and Mosher, 2016; Gaina et al. 2014). These studies
document Early Cretaceous oblique deformation in the context of
regional tectonic processes along the margins of the Norwegian Barents
Sea. However, no studies have been conducted to understand the impact
of oblique deformation on inherited basins and sedimentation.

4.2 Fault growth and linkage

Observations from outcrop and subsurface datasets, and analogue and
numerical models suggests two main ways of fault growth: (1) the
isolated fault model, where growth and linkage of individual fault
segments occur through displacement and lateral propagation of their
tiplines (Cartwright et al., 1995; Dawers and Anders, 1995; Dawers et
al., 1993; Walsh and Watterson, 1988; Watterson, 1986) (Fig. 4a), and
(2) the constant length fault model, where faults reach their near-final
length relatively early in their slip history, and accumulation of
displacement occurs without further lateral tipline propagation (Childs et
al., 2003; Giba et al., 2012; Jackson and Rotevatn, 2013; Morley, 2002;
Nicol et al., 2016; Schlagenhauf et al., 2008; Tvedt et al., 2016; Walsh et
al., 2003; Walsh et al., 2002) (Fig. 4b). In the last 30 years, these two
models have been a matter of discussion and debate, as the styles of fault
growth and rate of tipline propagation impact the tectono-stratigraphic
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development of sedimentary basins (Gawthorpe and Leeder, 2000;
Henstra et al., 2016; Jackson et al., 2017). The character of the initial
stage of fault growth remains unclear, since very few studies have been
able to capture the earliest (and short lived) stage of fault growth
(Schlagenhauf et al., 2008) (Fig. 1c).

In the Norwegian Barents Sea, most of the major fault complexes have
been analyzed with the aim of establishing fault geometry, architecture
and processes controlling faulting (Braathen et al., 2009; Fisher and
Knipe, 2001; Gabrielsen et al., 1990; Gabrielsen et al., 2016). To our
knowledge, there are no studies in the Barents Sea documenting how
fault growth affects sediment distribution (Fossen and Rotevatn, 2016;
Torabi et al., 2019).

Isolated fault Constant-length

A) growth model B) fault growth model <
I 3
of - — - o ——— o
& & g e
£ 2
(2) —_— 2 — g §
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Figure 4 Top views illustrating the (A) isolated and (B) constant length models of fault growth.

Numbers represent fault growth stages: (1) initiation, (2) interaction, and (3) linkage. (C)
Displacement versus length through time for the two models.
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5 Summary of papers

5.1 Paper 1: Early Cretaceous
tectonostratigraphic evolution of the north-
central Barents Sea

In this paper, we investigate the structural evolution of the north-central
Barents Sea during the Early Cretaceous, and the influence of fault
activity on sedimentation in the area. This is achieved by integrating 2D
seismic data, two exploration wells, and information of shallow cores
from the Norwegian and Russian sectors. As result of this work (Fig. 5),
three fault families, two Lower Cretaceous seismic sequences, and seven
seismic facies, are interpreted in the area. During the Hauterivian—Early
Barremian (sequence 1), a syn-tectonic phase is observed, where fault
families 1 and 2 of Late Paleozoic age were reactivated as reverse faults
and induced the uplift of NE-SW and E-W structural highs on the Kong
Karls Land Platform and the North Barents Basin. During the Early
Barremian—Early Aptian (sequence 2), the study area experienced a
tectonically quiescent period, where the increase of clastic supply from
the N—NE was responsible for sediment progradation towards the S—-SW
Barents Sea. The progradation was controlled and routed by structural
highs inherited from the Hauterivian—Early Barremian inversion. Later,
a post Early Cretaceous reactivation was responsible for the reactivation
of the Late Jurassic — Early Cretaceous inverted faults and structures. Our
results suggest that three main regional tectonic events controlled the
inversion of the Late Paleozoic faults, resulting in development of
structural highs in the north-central Barents Sea (Fig. 5): 1) dextral
transpression along Novaya Zemlya, which was responsible for
inversion on the ESE flanks of the North Barents Basin; 2) dextral
movement along a paleo-boundary of the northern margin of the
Lomonosov Ridge during opening of the Amerasia Basin, which
controlled the inversion in the Kong Karls Land platform and the Olga
Basin; and 3) a compressional event in the present day NE Greenland,
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and Ellesmere Islands and the NW Barents Sea (NW Svalbard), which
contributed to uplift in Svalbard and inversion in the rest of the study
area.
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Figure 5 Plate reconstruction map from the “Plates” project (https://ig.utexas.edu/marine-and-
tectonics/plates-project/) for the Hauterivian (130 Ma) overlain with the interpreted structural
elements in paper 1 and integrated with previous studies.

5.2 Paper 2: The Early Cretaceous evolution of
the Tromsg Basin, SW Barents Sea,
Norway

Extensional basins developed along oblique or transform margins are
less studied as compared to those basins developed along orthogonally
extended margins. This study presents an example of a basin developed
along an oblique margin, namely the Tromsg Basin, which developed
along the southwestern Barents Sea transform margin. Three previous
models have been proposed to explain the tectonic evolution and
architecture of the basin, but still there is no consensus on the
development of individual structures and compressional faults in this
basin. In this study, we use fairly new 2D industry seismic reflection
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data, potential field and well data, as well as previously published
information, to understand the Early Cretaceous structural evolution of
the Tromsg Basin in the context of the geodynamic processes in the
southwestern Barents Sea. Modeled gravity anomalies along a depth
converted 2D regional seismic section facilitated the interpretation of
crustal structures, which then were structurally restored. We propose a
revised Early Cretaceous structural model for the Tromsg Basin, which
involves oblique extension and formation of an intra-basinal,
transpressional transfer zone (Figs. 6a — 6¢). This can explain reverse
faulting in the study area. Basement heterogeneity played an important
role in focusing and localizing strain. 2D sequential restoration of a
regional profile above yields an estimate of ca. 35 km of crustal extension
in the SW Barents Sea margin, from the earliest Cretaceous until the
present, which is relatively smaller than previous estimations (e.g. 85 km
by Breivik et al. 1998). Discrepancies are attributed to the differences in
the calculation methods, where our results were based on 2D structural
restoration, and Breivik et al., 1998 derived extension from crustal
stretching factor. Moreover, from the earliest Cretaceous until Albian
(seismic unit 2), the Tromsg and Sgrvestnaget basins developed as a
single large basin in the SW Barents Sea margin. Crustal thickness along
the gravity modeled 2D regional section displayed a thinner crust below
the Tromsg Basin as compared to the Sgrvestnaget and Hammerfest
basins. This is considered as uncommon for orthogonally rifted passive
margin models and observations, where crustal thickness typically
decreases towards (e.g. Sgrvestnaget Basin) the continent — oceanic
boundary (Peron-Pinvidic et al., 2013). Therefore, we suggest that the
abnormal crustal thickness within the necking zone area is the result of
oblique rifting and segmentation in the margin, where increase in
obliquity decreases stretching and crustal thinning (Montési and Behn,
2007). This study illustrates the importance of detailed and regionally
integrated analysis of rifted basins for reconstructing their evolution, as
analysis of oblique rifted basins using two-dimensional plane strain can
lead to erroneous assessment of faulting style and deformation.
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A} Valanginian - Late Barremian B) Aptian - Albian C) Cencmanian

Fault family 1

Fault Family 4

Fault family 2 Main depocenters
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Figure 6. Proposed structural model for the Tromsg Basin and distribution of the main
depocenters (grey polygons) during Early Cretaceous: A) Valanginian — Late Barremian
extension was accommodated by west dipping boundary faults of FF1 (e.g. fault segments of
TFFC and BFC), which resulted in the formation of the internal fault system FF2; B) The Aptian
— Albian is marked by a transpressional setting along a transfer zone which is related to the
oblique opening of the Tromsg Basin, where basement heterogeneity localized strain; and C) The
Cenomanian is considered a tectonically quiescent period, where most of the fault activity
occurred in the western and north-western flanks of the Tromsg Basin.

5.3 Paper 3: Growth and linkage of a basin-
bounding fault system: Insights from the
Early Cretaceous evolution of the northern
Polhem Subplatform, SW Barents Sea

Observations from outcrop and subsurface datasets, as well as physical
and numerical models suggest two ways of fault growth: (1) growth and
linkage of individual fault surfaces through lateral propagation of the tip-
lines (isolated model), or (2) near-final fault length formed relatively
early in the slip history and displacement accumulation without lateral
propagation of the tip-lines (constant-length model). This study
integrates stratigraphic and structural observations with throw
backstripping and time thickness maps to define the growth of a normal
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fault in the northern Polhem Subplatform, SW Barents Sea (Figs. 1b and
7a—7d). During the initial 15 My of Early Cretaceous rifting, the studied
fault was comprised of at least five en-echelon segments (ca. 5-10 km
long). Throw backstripping indicates that these fault segments were
hard-linked after this initial stage to form a single 40 km long fault (Fig.
7d). Major incised valleys coincide with the location of the fault linkage
zones and outline the extent of the individual fault segments, supporting
early isolated fault growth (Fig. 7¢). Based on fault throw backstripping,
valley incision was able to keep up with fault slip, such that it remained
unaffected by the fault linkage stage. This study highlights the
importance of integrating stratigraphic and structural observations
during reconstruction of fault growth history, where syn-rift erosional
features, sediment thickness variations, sediment distribution, stratal
geometries and onlaps/truncations are critical for estimating the growth
of these structures.
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Figure 7 (A) Time thickness map along the studied fault in the Polhem Subplatfrom showing
distribution of depocenters. (B) Composite line along the fault (red line in A). (C) Composite line
in B flattened to the top S1 horizon, illustrating the distribution of scoop-shaped depocenters in
the SO interval. (D) Interpreted paleo-location of isolated fault segments and hanging wall
depocenters.

5.4 Paper 4: The Lower Cretaceous
succession of the western Barents Shelf:
onshore and offshore correlations

This paper was led by Sten-Andreas Grundvag. My main contribution
was related to the correlation of the Lower Cretaceous sequences and
providing examples and descriptions of the clinoforms in the north
central Barents Sea. In this paper, we integrate biostratigraphic analysis,
outcrop data and seismic and well information of the north-central
Barents Sea, with the aim of establishing a genetic link of the Lower
Cretaceous successions onshore and offshore. In addition, this study
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discusses the regional paleogeography, depositional controls, sediment
partitioning and sand distribution in the area. This information is key to
understand the basin infill and the sedimentary processes that occurred
in the western part of the Barents Sea during the Early Cretaceous. We
suggest that three sequences defined in the southwestern Barents Sea,
with an age of latest Valanginian—earliest middle Albian (S1-S3),
correlate with the Rurikfjellet (Valanginian — Hauterivian/early
Barremian), Helvetiafjellet (early Barremian — early Aptian ) and
Carolinefjellet (early Aptian, middle Albian) formations in Svalbard.
Based on age control, we propose that the Barremian clinoforms
(sequence 1) identified in the western Olga Basin, Fingerdjupet subbasin
and western part of the Bjarmeland platform correlate with the upper part
of the Rurikfjellet Formation and a Barremian unconformity identified
in Svalbard (Figs. 8a and 8b). In addition, the southeastward
progradation direction of these offshore clinoforms reflect a similar
pattern that the paleocurrents of the Rurikfjellet and Helvetiafjellet
formations. This suggests that the offshore and onshore depositional
system were under the influence of the same paleo-drainage. The
apparent lack of sandstone in the shelf-margin clinoforms is interpreted
as a result of the physiographic conditions of the basin, such as storm
waves, tidal and alongshore currents. These conditions may have
contributed to the sand being trapped in areas such as the inner shelf.
Finally, four paleogeographic reconstructions are made: 1) the earliest
Valanginian, characterized by a carbonate platform, sediment starvation
and the development of clastic wedges in basins such as the Hammerfest
Basin; 2) the latest Hauterivian, when Greenland is proposed as the
source of the southeastward directed shallow marine wedges in the
western part of the study area; 3) the middle to late Barremian,
characterized by a fluvio-deltaic system triggered by the uplift of the
northern Barents Sea; and 4) the latest Aptian, when the main platform
areas were flooded and a seaway connected the Barents Sea and the
Canada Basin.
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Figure 8 Summary of paper 4 showing the suggested A) offshore and B) onshore genetic link of
the Lower Cretaceous sequences (for more information the reader is referred to the full article).

5.5 Paper 5: Effects of adjacent fault systems
on drainage patterns and evolution of
uplifted rift shoulders: The Lower
Cretaceous in the Loppa High,
southwestern Barents Sea

This paper was led by Dora Marin. In this study, we integrate the
information from the previous papers, in addition to new observations
from the western flank of the Loppa High, in order to describe the
distribution and timing of diachronous clastic wedges around the Loppa
High (Fig. 9). Additionally, this paper aims to understand how
multidirectional and diachronous tectonic activity in the area conditioned
the Lower Cretaceous sedimentation. Based on detailed mapping of
seismic wedges within a chronostratigraphic framework, and
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palynological analysis, we propose that three events controlled the
distribution of the Lower Cretaceous wedges: 1) an uplift event of the
Loppa High during the latest Jurassic—earliest Cretaceous (Sund et al.,
1986; Berglund et al., 1986; Wood et al., 1989; Glgrstad-Clark, 2011;
Clark et al., 2014), which deposited progressively younger wedges
towards the east of the Hammerfest Basin as result of lateral and vertical
fault propagation. This induced eastward switching of the sediment input
points. The northernmost part of the Loppa High is interpreted as a local
depocenter during the early Barremian, due to the proximity of clinoform
progradation. 2) Faulting in the western flank of the Loppa High along
the Ringvassgy-Loppa and Bjegrngyrenna fault complexes, which
triggered the deposition of syn-rift wedges during the late Barremian—
Aptian. The wedges were partially deposited in shallow marine
environments, but probably also in deep marine environments. An upper
Barremian to lower Aptian syn-rift unconformity is interpreted in the
western flank of the Loppa High and in the Fingerdjupet Sub-basin. 3) A
renewed uplift and eastwards tilting event of the Loppa High and
Hammerfest Basin during the late Aptian—early Albian. This event is
supported by: the eastward migration of the depocenter location, a
deflection towards the east of submarine fans deposited in the
northwestern part of the basin, an unconformity in the western and
southwestern flanks of the Loppa High, and progressively deeper
environments towards the eastern part of the Hammerfest Basin and the
Bjarmeland platform. The last observation is based on the height of the
clinoforms (80-200 m in the eastern part of the Hammerfest Basin and >
500 m in the Bjarmeland Platform). This event redirected the drainage
system away from the Tromsg Basin towards a gentler slope, where it
sourced the clinoforms in the northeastern part of the Hammerfest Basin.
Fault activity in the western flank of the Loppa High contributed to the
uplift of the northernmost part of the Loppa High.
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A. Uplift of the Loppa High B. Faulting in the W. Loppa High

C. Tilting of the Loppa High and the Hammerfest Basin
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Figure 9. 3D cartoons illustrating the three main events controlling the deposition of the clastic

wedges around the Loppa High. For a more detailed explanation of these figures, please see paper
5.
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6 Discussion

This section describes the contribution of the thesis to the knowledge of
the tectonostratigraphic evolution of the Norwegian Barents Sea
margins, as well as the global implications of this study. Specifically, we
discuss the implications of both, margins and basin scale deformation on:
1. deposition of the Lower Cretaceous sediments, 2. fault growth and the
physiographical and tectonostratigraphic evolution of rift basins, 3. the
variables controlling the bypass of coarse-grained sediments into the
basin, and 4. regional paleogeography.

6.1 Implications of margin-scale oblique
deformation on structural styles

Oblique deformations produce 3D strain which cannot be characterized
by simplified 2D plane strain (Brune et al., 2018). In the southwestern
and north-central Barents Sea, most of the Early Cretaceous
compressional features have been analyzed assuming 2D plane strain,
where the analyzed cross section is parallel to the postulated contraction.
This leads to a poor explanation of the compressional structures in the
context of the overall Late Jurassic — Early Cretaceous tectonic setting
of the margins (Antonsen et al., 1991; Grogan et al., 2000; Grogan et al.,
1999; Faleide et al., 1993; Gabrielsen et al., 1990; Rgnnevik et al., 1982),
though several attempts have been made to relate the compression to
basement heterogeneity, which could be locally responsible for the
change of strain (Barrere et al., 2009; Braathen et al., 1999; Doré, 1991;
Fichler et al., 1997; Gabrielsen, 1984; Gernigon et al., 2014; Ritzmann
and Faleide, 2007; Tsikalas et al., 2012; Indreveer et al., 2016). In this
research, compilation of the regional tectonic events, deformation
patterns, mapping of key faults and their associated structures, and
mapping of the Lower Cretaceous clastic wedges allowed us to constrain
in more detail the tectonic events that operated during this period.
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In the north-central Barents Sea (paper 1), the interpreted compression
along NE — SW trending faults is caused by the counterclockwise
opening of the Canada Basin (Grantz et al., 1998; Lawver et al., 2002;
Shephard et al., 2013). This was responsible for the formation of
restraining and releasing bends along the paleo-position of the
Lomonosov ridge (Evangelatos and Mosher, 2016; Minakov et al.,
2012). We suggest that reactivation/inversion of the inherited Late
Paleozoic normal faults is the result of transpressional deformation along
the northern margin. These processes are very similar to those observed
along the present day Dead Sea transform fault (DSTF; Weber et al.
2009). Particularly, in the northern part of the DSTF, transpressional
deformation produced restraining bends which resulted in the formation
of several anticlines that are oblique to the DSTF (Gomez et al., 2007).
This is an analogue of far field strain caused by oblique deformation
along margins, which reactivate inherited weak fault zones in reverse
mode.

In the southwestern Barents Sea (paper 2), plate tectonic reorganization
during the Early Cretaceous resulted in progressive changes in the
direction of extension (Lawver et al., 2002; Bernett-Moore et al., 2018;
Dore et al., 2016; Seton et al., 2012). The latest plate tectonics models
by Barnett-Moore et al., 2018, suggest that from 200 Ma until 80 Ma, the
plate tectonics movement between Greenland and Norway had mainly a
NW — SE direction, which shifted at 80Ma to an almost N — S direction.
Hence, we suggest that before shifting to the N — S direction, the
southwestern Barents Sea margins was subjected to oblique deformation
that affected the basin evolution. The proposed oblique opening of the
Tromsg Basin generated secondary intra-basinal normal faults (Gernigon
et al., 2014; Faleide et al., 2008), which are oblique to the inherited fault
network (consistent with Bonini et al. 1997 and McClay and White,
1995). Compressional faulting in the northern Tromsg Basin can be
explained as an intra-basinal, transpressional transfer zone, which overall
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fits the oblique opening of the basin (McClay et al., 2002; McClay et al.,
2004).

Modeled gravity anomalies along the composite 2D regional seismic
section facilitated interpretation of the crustal structures. The distribution
of the crustal stretching (B) factor in the southwestern Barents Sea is
unlike orthogonally rifted margins (Peron-Pinvidic et al., 2013). The
crust below the narrow and confined Tromsg Basin appears to be thinner
than in the more distal Sgrvestnaget Basin, thus not follow the expected
values proposed for extensional margins (consistent with Breivik et al.,
2018, Gernigon et al., 2014; Osmundsen and Peron-Pinvidic, 2018). This
may suggest that in addition to the expected thinning of the crust during
formation of the margin within the necking zone, Early Cretaceous
rifting in the southwestern Barents Sea was involved to a certain degree
of obliquity where rift parallel deformation most likely decreased crustal
thinning (Crosby et al., 2011; Montési and Behn, 2007). Therefore, it is
important to integrate the regional tectonic setting in order to understand
the basin-scale faulting style and architecture, particularly for complex
margins that were subjected to changes in extension direction. This study
could serve as a subsurface analogue for basins that developed during
oblique extension with inherited basement structures.

6.2 Implications of normal fault growth for the
physiographical and tectonostratigraphic
evolution of rift basins

The growth history of basin bounding normal faults and interaction with
deposition of the Lower Cretaceous clastic wedges are discussed in
papers 3 and 5. The two main models of fault growth, isolated versus
constant-length, are undistinguishable after the faults have attained their
final displacement and length as seen in figure 4 a-b. During the last 30
years, both models have been a matter of discussion and debate (Childs
etal., 2017; Jackson et al., 2017). A major difference in these two models
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is the early growth history of fault displacement versus length (Figs. 4a
and 4b), which requires detailed knowledge of fault evolution. In paper
3, a large normal fault (854 m throw) with good record of syn-
sedimentary strata in the hanging wall and footwall was chosen to
analyze fault growth. Based on fault throw backstripping, we suggest that
initially the fault grew in accordance with the isolated model and its near
final length was obtained at ~37.5% of its slip history. This is longer
than the time suggested by recent compilations by Jackson et al. (2017)
and Childs et al. (2017), who suggest that final fault length is established
within ~10 — 33% of the fault slip history. Limited vertical seismic
resolution (>30 m) and absence of hanging-wall well data introduce
additional uncertainties for understanding of the earliest stages of fault
growth. Therefore, incised valleys served as key markers for unraveling
the growth of the interpreted fault. Thickness map analysis and throw
backstripping suggest that fault segments formed earlier than the incised
valleys, and hence controlled paleo-drainage, where low areas developed
between the fault segments during the early stages of fault growth were
exploited by the incised valleys (this is consistent with Gawthorpe and
Leeder, 2000). This suggests that the categorical distinction between the
isolated versus the constant-length fault growth model may be too
simplistic, at least for large basin bounding faults. Detailed interpretation
of stratigraphic features, in this case incised valleys, may provide
additional information for understating the fault evolution.

6.3 Implications for the regional
paleogeography

Most sedimentary processes are related to tectonic processes to some
extent (Dickinson, 1974). Their direct or indirect relationship can vary
from coarse sediments sourced from uplifted areas or fault scarps to fine
sediments deposited in broad sheets away from any direct tectonic
influence. In the Barents Sea, structural adjustment in the northern
margin (e.g. opening of the Canada Basin, HALIP) triggered southward
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progradation of Lower Cretaceous clastic material (Marin et al., 2017;
Kayukova and Suslova., 2017; Grundvag et al., 2017). Although the
main source of the siliciclastics has been suggested to be the area in the
N (e.g. North Kara region, Frans Josef Land, etc.) and W-NW (e.g.
Greenland), inverted NE — SW striking structural highs in the north-
central Barents Sea served as local sediment sources and controlled
regional sediment dispersal by funneling fluvio-deltaic systems in a SW
direction. This has implications for the paleogeography and tectonic
reconstructions of the Arctic. For instance, it implies that during the
Early Cretaceous, continental areas were present along the northern
edges of the Barents Sea and sourced siliciclastic material to the S and
SW Barents Sea.

Previous works in the northern Barents Sea (including the Russian
sector) provide general paleogeographic maps for mainly three intervals
corresponding to the Valanginian, Barremian and Albian (Smelror et al.,
2009 and Worsley, 2008). These maps mainly give information about the
location of the continental areas, the shelf and the deep-water
environments. In contrast to these previous works, we constructed
paleogeographic maps for four time intervals, where mapping of the
structurally uplifted and eroded highs, and distribution of clinoforms
allowed us to define possible continental areas, deltas and shorelines
(papers 1 and 4). The main strength of these paleotectonic and paleo-
depositional reconstructions is the integration of several geological
observations, such as sequence stratigraphy and seismic facies analysis,
sedimentological descriptions of core data and outcrops, and
biostratigraphy. These paleogeographic reconstructions help to
understand the source of silisiclastics and predict the distribution of
potential reservoir sandstones in the study area.

6.4 Limitations

Although this research has significant implications for the understanding
the tectonic processes in the Norwegian Barents Sea, it is important to
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highlight the main limitations related to the data and methods.
Highlighting these limitations is essential for future research as it may
promote the development of new seismic processing techniques (e.g. de-
multiple) and seismic acquisition methods (e.g. shallow water source
configurations).

Seismic data

It is well known that acquisition of 2D and 3D seismic data in the Barents
Sea is often related to hydrocarbon exploration. The north-central
Barents Sea is restricted for any hydrocarbon exploration activities.
Consequently, it is covered by a sparse 2D seismic grid with average
distance ca. 15 km. This makes difficult the seismic interpretation of key
horizons and faults. Poor imaging and abundancy of seafloor multiples
due to shallow water depths require better processing techniques.
Additionally, the 2D seismic sections are often oblique to the main
structural lineaments, which affect the understanding of their true
geometries (e.g. faults, clinoforms).

Well data

A limited amount of exploration wells in the north-central and
southwestern Barents Sea contribute to the uncertainty in time-to-depth
conversion and structural restoration. The lack of exploration wells
makes difficult the correlation between gamma-ray logs and seismic
facies. We experienced this limitation in papers 1 and 3 where several
seismic facies have not been drilled by exploration wells, and the
interpretation of depositional environments was based only on seismic
reflectivity and internal architectures.
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7 Recommendations for future work

Plate tectonic reorganization can often lead to changes in the stress and
strain fields along margins (Brune et al., 2018). Most previous works,
including our research in paper 2, focus on specific cases of rifted
systems, which involve a certain degree of obliquity (Fournier et al.,
2004; Lizarralde et al., 2007; Klimke and Franke, 2016; Phethean et al.,
2016). Quantification of rift obliquity through time is more difficult since
it requires detailed documentation of syn-rift evolution. Further research
should be oriented towards validating such quantifications, as it may
provide better kinematics constrains for plate tectonics reconstructions.

The detailed fault growth history from paper 3 indicates that the ongoing
debate between the two competing fault growth models (isolated versus
constant length) may be too categorical. Some authors claim that there is
an overall bias in favor of the isolated fault growth model, while the
majority of the natural examples of active or extinct fault systems show
characteristics of the constant length model (Nicole et al., 2016; Rotevatn
et al., 2018; Rotevatn e t al., 2019). Therefore, future research related to
the growth of normal faults should be oriented to better document the
initial lengthening stages of fault evolution. This might be achieved by
integrating high-resolution seismic imaging techniques and well data
(e.g. biostratigraphy), which can allow mapping fault structure and
associated growth strata (Taylor et al., 2004; Nicol et al., 2005).
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Conclusions

Based on detailed analysis of subsurface data, this research has improved
the geological understanding of the structural elements and depositional
patterns of the north-central and southwestern Barents Sea margins. Our
main findings are:

1)

2)

3)

4)

The inverted pre-existing fault network in the north-central Barents
Sea guided the deposition and progradation of the Lower Cretaceous
clastics. The interpreted deformation pattern and structural imprint of
the area supports a counterclockwise model for the opening of the
Canada Basin. This interpretation may contribute to the
understanding of how deformation along margins can affect fault
evolution and sediment distribution in distal areas.

Basins that evolved in an oblique setting (e.g. Tromsg Basin), likely
display a complex fault pattern with abnormal crustal thickness and
compressional structures that can be easily misinterpreted. Analyzing
major basin bounding faults in the context of the overall plate
tectonics setting and basin configuration is key to understand the
main factors controlling fault distribution.

Detailed analysis of a basin bounding normal fault shows that the
categorical distinction between isolated versus the constant-length
fault growth models may be too simplistic, at least for large basin
bounding faults. Analysis of sedimentation or erosional processes
(e.g. incised valleys) can provide key information for unraveling the
early growth history of these faults.

In contrast to previous works, more refined and detailed regional
paleogeographic maps for the Norwegian Barents Sea were built.
Each time interval reflects the structural and stratigraphic evolution
of the area. These paleogeographic maps can help to predict
sandstone distribution, and better understand the evolution of the
Arctic during the Early Cretaceous.
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ABSTRACT

I this paper we Invesligate the structural evolution of the northeentral Barents Sea during the Early Cretaceous,
and the influence of fault activity on the sedimentalion paltern in (he area. This is achieved by inlegrating 2D
seismie data, two exploration wells and information of available shallow cores from the Norwegian and Russian
sectors. As a result of our work, three [ault families, two Lower Cretaceos seismic sequences and seven seismic
facies, were interpreted in the area. During the Hauterivian-Farly Barremian (sequence 1), a syn-tectonic phase
is observed, where fault families 1 and 2 of Late Paleozoic age were reactivated as reverse faults and induced the
inversion of NE-SW and -\ structural highs that controlled deposition in the Kong Karls Land Platform, North
Barcnts Basin and the newly formed Olga Basin. During Early Barremian-Early Aptian (scquence 23, the study
arca was marked by a tectonically quieseent perlod, where the increase of clastic supply from the N-NE was
responsible for progradation of the system Llowards the S-SW Barents Sea. The progradation was controlled and
routed by structural highs inberited from the Haulerivian-Early Barremian inversion,

Our resulls suggest that three main regional lectonic events controlled the inversion of the Lale Paleozoic
faults, resulting in development of structural highs in the northeentral Barents Sea: 1) dextral transpression along
the Novaya Zemlya; 2) dextral movement along a paleo-boundary of the northera margin of the Lomonasov
Ridge during opening of the Amerasia Basin; and 3) a compressional event in the present day North Greenland
and Ellesmere Islands with the NW Barents Sea (KW Svalbard).

1. Introduction the reactivation of Triassic structural lineaments along the Novaya

Zemlya (Nikishin er al, 2014; Sobornov er al., 2015); and 3) the

The northeentral Barents Sca covers the offshore arca between
Svalbard and the northern part of Novaya Zemlya (Fig. 1A). The area is
not as Iy studied as the part of the Barents Sea (c.g.
southwestern Barents Sea), mainly due to limited data availability and
the facr that the area is not yet open for any commercial exploration.

Previous work in the region has documented a compressional event
that resulted in inversion during the Late Jurassic — Early Cretaceous
(Grogan ct al., 1999). The inversion resulted in uplift and formation of
NE-SW and E-W trencling structural highs andl anticlines East of Sval-
bard and Novaya Zemlya (Antonsen cf al., 1991; Grogan cf al., 2000;
.. 2014; Nikishin, 2013). The main
mechanism responsible for this compression event is not clear, and in
the existing literature it has been poorly related to main tectonics
events during Late Jurassic — Early Cretaceous, such as: 1) the forma-
tion of the ligh Arctic Large Igncous pravince (Policau ct al., 2016); 2)

Grogan et al., 1999; Nikishin et a
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opening of the Amerasia Basin to the North (Alvey et al., 2008; Grogan
et al, 1999).

T'he Larly Cretaceous development of the Barents Sea is also marked
by a major change in the paleogeographic setting. Recent studlies of
Lower Cretaccous clinoforms complexes in the southern Barents Sca
reveal a main clastic source of sedimentation located in the NW and NI
that builds the shelf southwards (Grundvidg and Olaussen, 2017;
Kayukova and Suslova, 2015; Marin et al.,, 2017). Overall, northerly to
southerly progradation direction of the Lower Cretaceous clastic ma-
terial is cocval with the formation of structural highs and anticlines in
the northcentral Barents Sea indicating a possible relationship between
tectonics and depositional processes.

This study integrates previous work and existing subsurface data
provided by the Norwegian Petroleum Directorate (NPD) and Marine
Arctic Geological Expedition (MAGE), in order to: 1) decument the
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Fig. 1. A) Map of Arctic region showing location of the study area {modified from Jakobsson et al,, 2013). B) Lecation of the well, outcrop and 2D seismic data used in this study.

tectonic development of the northcentral Barents Sea during the Early
o 2 und d the mect controlling the Early
Cretaceous inversion; and 3) provide a revised raphy re-

fault in the Bast, along Novaya Zemlya (~152-129 Ma), caused by
clockwise rotation of the Siberian plarform (Fig. 2A). This event was

construction  documenting interaction berween tectonic and sedi-
mentation processes in the northeeniral Barents Sea during Larly
Cretaceous.

2. Geological background

‘The study arca is comprisc by a number of platforms, basins and
struetural highs, which are spread between offshore Svalbard and rthe
northern tip of the Novaya Zemlya (Fig. 1), The geological history of
the area is characterized by a series of compressional and extensional
events (Grogan cf al, 1999). Starting from the Palcozoic, the north-
central Barents Sca affected by a two major orogenic cvents: the Si-
lurian—Devonian Caledonian orogeny and the Late Permian—1riassic
Uralian oregeny (Ancll ct al., 2014; Rizmann and Faleide, 2009). The
Caledonian orogeny caused closing of the Tapetus Ocean, solidifving the
basement of the western Barents $ea (Gernigon and Briinner, 2012).
The Uralian orogeny was responsible for building and closure of the
castern Barents Sca (Gudlaugsson ctal., 1998; Petrov ot al., 2008).

Most of the Barents Sea experienced a crustal extension during the
Carboniferous — Permian, resulting in a formation of several structural
highs and basins (Denge and Ressland, 1992; Grogan ot al., 1999;
Gudlaugsson et al., 1998). The sediments of this age generally comprise
«of shale, interlayered with evaporites in dcltaic, shallow marinc and
carbonate ramp depositional environments (Braathen et al., 2011; Steel
and Worsley, 1984). During the Latest Permian—|'riassic, the formation
«of the Ural mountains in the Bast induced a major SE-NW progradation
of the siliciclastic material inte the Barents Sea (Glorstac-Clark et al,
2010).

The Late Jurassic-Farly Cretaceous structural evolution of the
Barents Sca is marked by four major tectonic events (Fig. 2):

1) Rifting in the SW Barents Sca (~157-130 Ma) that formed well
defined basins, c.g. Bjgrngya, Tromsp and Ilammerfest Basins
(Fig. 2A) (Faleide et al., 1993).

2) Reactivation of Triassic structural lincaments as a dextral strike slip

ible for inversion and consequently uplift of several highs in
the northcentral Barents Sea and South Kara Trough (e.g. Fedynskyi
high) (Nikishin ct al., 2014; Gxman. 2003; Sebornov ct al., 2015).
3) The opening of the Amerasia Basin to the North (~145-126 Ma)
resulted in a large scale crustal updoming in the northern Barents
Sea (Fig. 2A) (Alvey et al, 2008; Grogan et al., 2000}, Opening
models of the Amerasia Basin are still a matter of debate. A large
numbcr of models have been proposed, and are summarized into
three main categories by Dessing et al. (2013) a) the counter-
clockwise rotational model (Model A; Fig. 2B) (Cochran et al.,
2006):, b) the Arctic-Islands strike-slip model (Model B; Fig 2C)
(Lawver and Scotese, 1990), and ¢} the Alpha—Mendeleey Ridge
oapening madel (Model G; Fig. 2D) (Dove cf al.. 2010). These models
igin of the Amerasia Basin and are sup-
ported by inconclusive or indirect obscrvatiens. For example, recent
studies reveal evidences of a retro-arc extension and intra-con-
tinenral rifting of the proto-Amerasia Basin (Alvey cf al,, 2008;
Iladlari et al., 2016) supporting the formation of a transform margin
along the northern margin of the Lomonosov Ridge (Lvangelatos
and Mosher, 2016; Gaina cf al., 2014). This interpretation is con-
sistent with model A (Fig. 2B) (Cochran et al., 2006). However, a
continental origin of the Alpha and Mendeleev Ridges may does not
support model A, and rather support the model C (Fig. 2D) (Dove
ot al.. 2010; Kaminsky et al., 2005; Lebedeva-lvanova et al.. 2008).
The formation of the Iligh Arctic Large Igneous Province
(125-122 Ma) resulted in extrusive magmatism in the northern and
northeentral parts of the Barents Sca with formation of WNW-ESE
trending dykes in the Franz Josef Land and the North Barents Basin
(Kig. 2A) (Corfu ct al., 2013; Dibner, 1998; Lvenchick et al., 2015;
Polteau et al., 2016; Senger et al.. 2014).

These Late Jurassic to Larly Cretaceous tectonic events were re-
sponsible for different degrees of uplift and erosion in the northern
Barents Sca. as documented on Svalbard and Franz Josef Land (Dibner,
1998; Embry, 1992; Gavrilov et al, 2010; Gjelberg and Steel, 1995;
Grantz ot al., 2011; Midtkandal and Nystuen, 2009; Repin ct al., 2007).
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The uplift of the northern Barents Sea has affected the Lower Cretac-
eous infilling history of the Greater Barents Sea, where overall NW-SE
and NNE-SSW progradation of shallow marine to outer shelf deposits
were predominant (Grundyig et al, 2017; Kayukova and Suslova,
2015; Larssen et al., 2018; Marin et al,, 2017).

During the Cenozoic, episodes of transpressional and transtensional
deformation occurred between the NE Greenland and the western

al

Barents Sea, and were responsible for formation of the Vestbalken
Provinces and Svalbard fold and thrust belt (Bergh and Grogan, 2003;
Faleide et al., 2008). These events were responsible for adjusting the
structural configuration of the northeentral Barents Sea, by amplifying
several structural highs and basins (Anell et al, 2014; Grogan et al,
1999). Later, an cxrensional cpisode occurred in the western and
northern margins of the Barents Sea. The extension took place between
Norway and Greenland (Faleide of al., 2008; Ziegler, 1988), and be-
tween the Lomonosov Ridge and the Barents-Kara Sea margin (Minakoy
er al., 2012). The Cenozoic development of the Barents Sea is also
marked by an onset of glaciation and a tectonic uplift that caused ex-
humation of the northern and western Barents Sea (Dimakis ef al.,
1998; Knies and Gaina, 2008)

3. Data and methodology
3.1, Selsmic and well daw

‘The regional 21 seismic dara from the Norwegian and Russian
Barents Seas are provided by the Norwegian Petroleum Directorate

(NPD) argl the Marine Arctic Geological Expecdition (MAGE). The 2D
seismic data have a record of 65 two way travel -time (TWT) with
10-3011z of dominant frequencies. The seismic data covers an area of
~250 000 km® with an average distance between seismic lines of about
100 km (Fig. 1B). The quality of the seismic data is good, except in the
northern part of the study area, where shallow water depth, volcanic
extrusions and intrusions make seismic imaging very poor to good.
Most of the 2D seismic data is publically restricted and limited for
publications.

‘The wells Luninskaya-1 and Ludlovskaya -1 located in the south-
eastern part of the study area were used to constrain seismic inter-
pretation in the Russian Barents Sea (Fig. 1B). Both wells have a full set
of logs, but only the well Luninskaya -1 has five core samples from the
Berriasian — Albian interval (Fig. 3). Interpretation in the Norwegian
Barents Sea is constrained by information from bed rock samples site
91, 93 and 94 obtained from the Olga Basin published by Antonsen
er al. (1991) (Fig. 1B).

3.2 Meihodology

1n order to improve the age frame for the studied area, five sediment
core samples (N1, N3, N4, N5 and N6; Fig. 3) were collected from the
well Luninskaya-1 for dinoflagellate eyst (dinoeysts) analysis (Evitt,
1985; Head, 1996). '1he palynological s

idc preparation  followed
maodified standard methods of NghrHansen (2012), and dinocysts
analysis were carricd out at the Geolagical Survey of Deamark and
Greenland (GEUS). The most characteristic dinocysts observed in the
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well are shown on Fig. 1

I'he scismostratigraphie framework used in this work is based on the
definition of seven genctic sequences for wells 7119/12-1 and
Arkticheskaya-1 (Kayukova and Susl 2015; Marin et al, 2017} in
the southern Barents Sca (Fig. 3). These are genetic sequences (S0-56)
with time span of 1-10 Ma and bounded by flooding surfaces (KI-K6)
defined from stacking patterns on the gamma ray (GR) well logs and
reflector terminations on the seismic data (Galloway, 1989). These se-
quences were recagnized and correlated between the wells Ludlovskaya
-1, the well Luninskaya -1 and scismic reflectors of the Olga Basin. The
Svalbard lithostratigraphy and its offshore correlation is obtained from
Grundvig et al. (2017), whereas the Olga Basin scismic stratipraphy
was adapted from Antonsen et al. (19913 (Fig. 3).

In order to reproduce the palecogcography, internal variations of
seismic reflectors of each sequence were characterized and subdivided

into seven seismic facies, which were interpreted based on reflectivity
configuration and geometry of individual seismic packages. Scismic
interpretation was integrated and calibrated with information obtained
from the wells Ludlovskaya-1 and Luninskaya-1, shallow cores, the
outcrop data from Svalbard, Kong Karls Land and Franz Josef Land.
‘Table 1 shows a summary with the deseription of these scismic facies
and their interpretation. Faults were interpreted and grouped into fault
families based on the same structural orientation and relative age.
Structural trends and lineaments were guided by a magnetic anomaly
map of Marello et al. (2010), where distance between seismic line ex-
ceeded 100 km. Regional fault interpretation outside of the study arca
were compiled from previous publications of Faleide et al. (2008);
Grogan et al. (1999); Nikishin et al. (2014); Nikishin (2013} Sobornoy
et al. (2015); Velichko (2012), Time thickness maps were created and

boundaries were described as erosional contact or lap relation. A time
depth conversion was performed using Move Core Application software
in order to better determine throw and angle of the faults as well as
shortening amount. Interval velocities were obtained from available
check shot data of the wells Ludlovskaya-1 and Luninskaya-1. Tectonic
reconstruction maps for the Hauterivian were created on PaleeGIS to
comparc and discuss with the main tectonic events that occurred during
the Darly Cretaceous. The plate tectonic restoration model was provided
by the “Plates”™ project at the Institute for Geophysies, the University of
Texas at Austin, as a part of the “Lower Cretaccous in the Arcric”
(LoCrA) consortium.

I'he paleogeography outside of the study area was compiled from
the LoCrA consortium reports, presentations and publications
(Grundvilg and Olausscn, 2017; Grundvag ct al., 2017; Kayukeva and
Suslova, 2015; Marin et al., 2017).

4. Results
4.1. Well, outcrop, seismic and stratigraphic correlation

shows the well and scismic corrclation of strarigraphic se-
quences from the southern to the northeentral and northwestern
Barents Sea.

Sequence 0 (Berriasian — Valanginian} was not observed on Svalbard
and well Luninskaya-1, and was indistinguishable in the Olga Basin.
Although scquence O was obscrved in the wells Ludlovskaya — 1,
Arkticheskaya - 1 and 7119/12-1, it was included as a part of sequence
1 in this study for simplification.

Only sequences 1 and 2 can be correlated and preserved across the
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Fig. 4. The most impartant dinocysts abscrved in the well Luninskaya-1. S

= 20pm. A) sample N6, Slide No. 26250-5. B)

Nyktericysta? vitrea sample N6, Slide No. 26250-5. ) Palaeoperidimiom cretacewn «mple N1, Slide No. 20246-5. ) Desmocysta plekta sample N1, Slide No. 26246-5. ¥) Pseudacermtivm
soveae sample N6, Slide No. 26250-5. F) Sirmiodinium grossii sample N4, Slide No. 26248-5. G) (reworked) Rhaeogonyaulax rhactica sample N4, Slide No. 26248-5.

northeentral Barents Sea, which will the focus of this study

Furthermore, sequences 3-6 are missing in the Olga Basin and Kong
Karls Land Platform, as the result of uplift and glacial erosion.
‘I'herefore, these ‘were described bricfly and dasa

high values (Fig. ). 81 was deposited in the entire northcentral Barents
Sea, except at the margins towards Svalbard, Franz Josef Land and
Novaya Lem]ya, where it is either missing or eroded. ‘There are several

reaching of 800 ms in the North

single interval where preserved.

In the Olga Basin, it is suggested that the Base Cretaccous
Unconformity (BCU) correlates to the seismic reflector “a™ sensu
Antonsen et al. (1991). The BCU is represented by a well-defined
acoustic impedance contrast in scismic data (Figs. 3 and 5).

Horizon Klis interpreted as an “intra Barremian reflector” in the
scismic and correlates to the seismic reflector “b™ of Antonsen ct al.
(1991) (Figs. 3 and 5). This reflector constitutes a boundary between
sequence 1 and 2, and is represented by dimmed and low amplitude
reflectors (Fig. 5).

‘The K2 is inrerpreted as the “Early Aptian unconformity” in the
scismic data that defines the upper limit of sequence 2 (Fig. 5). This
horizon is mapped only in the North Barents Basin, whereas it re-
presents the present day scafloor on the Kong Karls Land Platform and
the Olga Basin (Fig. 5B). Sequences 3-6 are combined as a single se-
quenee from the “Early Aprian unconformity™ to the scafloor in the
North Barents Basin (Fig. 5).

4.2. Seismic sequences

4.2.1. Sequence 1 (S1): Hauterivian ~ Early Barremian

4.2.1.1. Description. Sl is delimited at its base by the BCU and at the
top by the intra-Barremian horizon (Figs. 3 and 5). The sequence is
penetrated by the well Ludlovskaya — 1 and vibrocore sample sites 57,
61, 93 and 94 (Antonsen et al, 1991). Palynological analysis of the
sample 93 and 94 in the Olga Basin by Antonsen et al. (1991) confined

Barents Basin, along the Persey and Pinegin highs (Fig. 6A). The main
three seismic facies types are recognized within 81 (Fig. 6B):

1) Facies A: trough fill with low
bounded by high amplitude parallel reflectors that onlap and pinch
out towards the highs flanks (Fig. 7A%). This type of facies was ob-
served on the Kong Karls Land Platform and at the northwestern
margin of the North Barents Basin (Fig. 6B). The thickness of these
facics commonly increases in the troughs and facies are becoming
slightly chaotic towards the top, where they are eroded (Fig. 7B%);

) Facies B: shingled cli with high high v,

sigmoidal and oblique shape reflectors that downlap the BCU were

observed in the western part of the Olga Basin and the trajectory is
ascending (Fig. 8B and B’). 'The clinoforms prograde from NW-SE

and SW-NE towards the Olga Basin (Fig. 6B). The clinoforms are of a

high-relicf (= 100 m), shingled, with a gentle rollover and foreset

angle with an average value of 1°. The topsets and bottomsct de-
velopment was not recognized in the seismic lines (Fig. 8B%);

Facics C: progradartional fill consisting of low amplitude continuous

reflectors with a sigmoid pattern are observed along the north-

‘western margin of the North Barents Basin (Fig. 9A’ and B). They

are typically wedge-like structures that pinch out against the highs

and downlapping the BCU. Some internal reflecrors are semi-
transparent. croded at the top and becoming chaotic in the thickest

part (Fig. 9).

&

&

$1 ro Hauterivian — Barremian. [t is mostly corrclative to
Formation and partially may rep lower part of

Formation in Svalbard (Antonscn ct al., 1991; Grundvag cr al., 2017)
(Fig. 3). In our study area, the GR pattern for S1 is spiky with relatively
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4.21.2 T . Overall, 81 is characrerized as a syn-tectonic
deposits with growth strata and wedges as common facies for this
sequence. Bed rock samples from sites 57, 61, 93 and 94 deseribed by
Antonsen et al. (1991} on the Kong Karls Land Platform and the Olga
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Table 1
Description and Interpretation of the observed seismic facies in the northcentral Barents Sez,
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Facies  Seismic characterization

Tnterpretation/Tinvironment Txample

Sequence 1 A

North Barents Basin

B High amplitude, high frequency, centinues to discontinuos reflectars. Low angle
(1-2°) prograding clinoforws, Observed in the western part of the Olga Basin

¢ Low amplitude, high frequency. eontinuos reflectors. Pragrading reflectors with

stgmoid patorn. Observed along the
Basin

Sequence 1 D Tigh to low amplitude, high frequency, parallel continuos reflectors. Observed in shallow shelf/continental
the Olza Besin and the southern part of Konz Kerls Land Plarform depostis
B High nmplitude, low frequency, chaotic to discontinous reflectars. Observed loeally — shallow shelf<continental
in the central part of the Kong Karls Land Platform deposits
F Low amplitude, high frequency, chactic to subperallel reflectors, Observed in the  continental deposits
narthwester margin of the North Rarcats Basin
G Tigh amplitude, high frequeney, eentinues o discontinuos refleetors. Prograding — distal part of prograding

lonw angle divergent facics. Qbserved in the entire eastern and central pert of the

North Baronts Hasin

Low amplitude, diseontinuos reflectors bounded by high amplitude parallel
reflectors, Subparallel reflectors wedging te the flanks. Irough, divergent fill
Ohbserved on the Kong Katls Land Platform and at the northwestern margin of the

wthwestern margin of the Nerth Barents

early basin fill deposic/
shallow shel

prograding shelf system/
shelf/shallew shell

progeading fll deep marine

slope/wedge

Basin (Fig. 6B) suggest thar Facies A and B were deposited in shallow
shelf conditions and clinoform interpretation supports palcowater
depths of ca. 100-200 m. In contrast, Facies C is interpreted as a
prograding slopc/wedge that was most likely deposited in a decp
marine setting. The observed onlap of Facies A and C on the limbs of the
highs and anticlines suggest that the palcotoporaphy was inherited
from carlicr tectonic stages, most likely from Late Jurassic (Figs. 7A47
and 9B°), and growth of these facies suggest a renewed tectonic activity.
Downlap directions of Facies B and ndicates that Svalba Franz
Josef Land, and Pinegin and Persey highs were the main sediment
sources for thesc facies (Fig. 6B).

4.2.2. Sequence 2 (52): Early Barremian - Early Aptian

4.2.2.1. Description. Similarly to 51, S2 was deposited in the entire
northeentral Barents Sea, except towards Svalbard, Franz Josef Land
and Novaya Zemlya, where it is eroded. 52 is bounded at its base by the
intra-Barremian horizon and at the top by the Early Aptian
unconformity (K2) (Figs. 3 and 5). In the Kong Karls Land Platform
and Olga Basin, the top of 52 was removed by Cenozoic uplift and a
glacial erosion and it truncates the present day seafloor (Figs. 7 and 8).
52 is penetrated by the wells L — land the L -1,
and vibrocore sample sites 58 and 114 (Antonsen et al., 1991) (Fig. 3).
‘The lowermost core sample (N6) in the well Luninskaya - 1 yields
Bativladinium longicormutum, Nyktericysta?
tovae and therefore can be dated to Late Barremian and referred to
Subzone [(3) of Nahr-Hansen (1993) (Fig. 3). I is corrclative to the
Helvetiafjellet Formation in Svalbard (Grundviig et al., 2017) (Fig. 3).
Sample N5 is barren of dinocysts. The GR pattern for $2 is crratic to
spiky with equally coarsening and fining uptrends (Fig. 3). The

vitrea and Pseudoceretium

thickness of S2 is relatively uniform in arcas where the top of 82 i
preserved (Fig. 10A). There are several scartered depocenters reaching
maximum thickness of 450 ms, located in the Olga and the North
Barents basins (Fig. 10A). The four main scismic facics recognized in 82
are (Fig. 10B):

1) Facies D: parallel continuous reflectors with high to low amplitude
and high frequency observed in the Olga Basin and the southern part
of Kong Karls Land Platform (Figs. 7B" and 8A"). They have good
parallel continuity that uniformly overly seismic Facies B of 81. This
facics is sub-parallel towards its bortom and the top is truncated by
the seafloor;

2) Facies E: discontinuous to chaotic with high amplitude, low fre-
quency, reflectors observed locally in the central part of the Kong
Karls Land Platform (Tig. 7A"). Usually chaotic reflectors are ob-
served at the basc of the 52 and become more continuous towards
the top;

3) Facies F: subparallel to chaotic with low amplitude, high frequency
reflectors (Fig. 9A7) were observed in the northwestern margin of
the North Barents Basin (Fig. 10B);

4) Facies G: divergent/stratified reflectors with high amplitude. high
frequency, inclined, continuous to discontinuous reflectors (Fig. 9A°
and B') covering the entire eastern and central part of the North
Barents Basin (Fig. 10B). This facies downlap on top of the Facies C
and BCU in the central and eastern part of the North Barents Basin
(Figs. 5A. 9A" and B’). The upper boundary of this facies is unclear

e dimmed towards the top (Fig. 9A).

and seismic reflectors

4.2.2.2. Interprotation. Generally, 52 is deposited in a tectonically
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Fig. 5. Regional Tines across the study arca illustrating interpret

from Antcnsen et. al., (1991)

Lower Cretaceous

1 main fault familics. Detaled interpretation of several section highlighted with black

hoxes on the regional lines. (A) E-W profile through the North Barents Basin: () NW-SE profile with tie to the Ludlovskeyz — 1 well; and (C) N-§ profile crassing the Olge Basin and the
Kong Karls Land Platform. Interpretation is calibrated with vibrocore information obtained from Antonsen e al. (1991,

quiescent period, as the absence of growth strata and frequent parallel
facies are common for this sequence (Facies D, E and F). Bed rock
samples from sites 58 and 114 described by Antonsen et al. (1991) from
the Olga Basin suggest that Facies D was deposited in a shallow shelf
environment, whereas fluvial systems have been described on Kong
Karls Land (Grogan et al., 2000; Larssen et al., 2018). Coeval
continental deposits interpreted on the Franz Josef Land (Repin et al.,
2007) suggests that Facies E and F were most likely deposited in coastal

to continental conditions (Fig. 10B). Observed glauconite/pyrite/
siderite and relatively low values of the GR of the well Luninskaya -1
suggest that Facies G were deposited in coastal to marine settings
(Fig. 3).

4.2.3. Sequences 3-6? (53-56): Eurly Aptiun — Cenomanian?
4.2.3.1. Description. S3-S6 is bounded at its base by the Early Aptian
Unconformity and at the top by the present day seafloor (Fig. 9). These

me  we  me wme  we e wme me e e we  me wmi e st i we e
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Fig. 6. (A) Time thickness map of sequence 1. (B) Map of distribution of seismic facies A and C in sequence 1. Note the scattered location of the main depocenters associated with

inversion of the structural highs.
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Fig. 7. (A-B) Uninterpreted amd (V1) interpreted seismic section across the Kony Karls Land Platform. Note (A') inerease of thickness of the sequence 1 between highs. (3)
Asymmetrical folds resulted from the inversion of the FF 1. Folding of 1 and $2 is interpreted as the result of post Early Cretaceous inversion.
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Fig. 8. (A-B) Uninterpreted and [A'-8') interpreted seismic section in the Olga Basin, Note increase of thickness of the sequence 1 in the Olga Basin and NW - 8K direction of the
clinoforms progradation.
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Fig. 10. (A) Time: thickness map of sequence 2. (B) Map of distribution of a scismic facies in sequence 2. Note shifting of depocenters S-SW towards the Olga Basin and South Barnts

Basin.

sequences are only observed in the North Barents Basin and penctrated
by the wells Ludlovsk -1 and the L -1 (Figs. 3 and 5).
Sample N4 from well Luninskaya — 1 yiclds rarc dinocysts and is
tentatively dated to Barly Aptian (Zone 11 of Nohi-1 lansen (1993)) based
on the presence of Sirmiodinium grosii and the absence of Barremian
taxa. The sample yiclds Rhaetogonyaulax rhaetica what suggests
reworking from Triassic. Samples N1 and N3 yields abundant and
well preserved dinocysts, limited however to the dinocysts with long

i ranges. The is i by D plekta
and Palacoperidini and is ch ized by a low diversity.
This may suggests coastal, restricted marine settings. The tentative age
for the two samples is most likely Aptian or younger. The GR for these

sequences is spiky with rclatively high values and mainly fining
uptrends (Fig. 3). The seismic character of these sequences in the
North Barents Basin is represented by high amplitudes, parallel,
continuous reflectors with some chaotic or lens-shaped reflections in
the central parts of the basin (Fig. 9A” and B’).

4.2.3.2. Interpretation. Overall, $3-S6 is deposited in a tectonic
quiescent period, as suggested by the absence of growth strata and
abundancy of parallel scismic reflectors. ‘The coal fragments observed in
the lower part of $3 in the well Luninskaya-1 suggest that this sequence
was deposited in a coastal to continental cnvironment. ‘The overall
fining upward trend of f §4 and S5, based on the GR log for the well
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Fig. 11, Map of interpreted fault Families and struewral clements integrated with previous warks (highlighted in the legend) in the study area.

Luninskaya — 1 suggest that these sequences were deposited in a
relatively deeper environment, most likely a shallow shell to coastal.

4.3, Fault famifies

Three main fault familics related to the Lower Gretaceous sequences
are observed in the study area (Figs. 5 and 11 ), Tault families 1 and 2
are interpreted as thick-skinned deformation involving reverse faults
that tip in the Triassic interval. however due to continuous reactivation
some faults propagate to the seafloor (Figs. 5 and 9B). Fault family 3 is
interpreted as thin-skinned deformation offsctting strata above the
Triassic interval (Figs. 5A and 9B7).

Fault family 1 (FF1): a set of NE-SW striking faults, is interpreted
from the SW edge of the Kong Karls Land Platform to the Franz Josef
Land (Figs. 5Cand 11} (Marello et al., 2010). Moreover, faults from the
Franz Josef Land (Dibner, 1998) have identical strike as FFL and most
likely represent its onshore continuation. A member of FF1 serves as a
main boundary fault that separates the Kong Karls Land Platform from
the North Barents Basin (Fig. 5A). FFl comprises mainly steep
(~65-77") reverse faults that predominantly dip towards the SE
(Fig, 12B°). Throw along these faults is typically low, ranging from 0 to
55m at the base of the Triassic interval (Fig. 12B7). The age of FF1 is
interpreted as Late Paleozoic (Faleide et al., 2008; Grogan et al., 2000;
Grogan et al., 1999). Based on onlap relatonship and the thickening
strata, reactivarion is evident during Late Jurassic and Early Cretaceous
81 (Figs. 7B and 9A%). Furthermore, observed folding of the S1 in the
ction (Figs. 7B* and 9B’} indicates vounger reactivation, most
likely post-Larly Cretaceous. Reactivation of FF1 resulted in formation
of NE-SW oriented blind folds (anticlines) and structural highs like the
Perscy and Pinegin (Figs. 7 and 9). Blind folds are interprered on the
Kong Karls Land Platform and are generally asymmetric with steep
limbs facing towards the NW and interlimb angles of 160°-170"
(Fig. 128", Caleulated shortening amount for these folds is cquivalent
to 22m (~0,1%) and therefore, negligible.

Fault family 2 (FF2): consists of E-W striking faults interpreted along
the Olga Basin and on the Edgedya Platform (Fig. 11) (Marello et al.,

seismic
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2010). These high angle ( ~52-777) reverse faults cither dip to the S or
N and reach a throw of up to 50 m at the base of the Triassic (Fig. 5C).
‘The age is interpreted as Late Paleozoie (Grogan ot al., 1999) and si-
milarly to FF1, growth strata and onlap relationship suggest reactiva-
ton during Late Jurassic and Lower Cretaceous §1 {Antonsen et al.,
1991) (Fig. 8A"). Reactivation of FF2 resulted in the formation of the Li-
W oriented Olga Basin and structural highs like the Storbanken and
Sentralbanken (Fig. 5C). Shortening amount of these folds is also in-
significant as they were included in the calculation with folds from the
Kong Karls Land Flatform.

Fault family 3 (FE3): is generally represented by high angle
(~60-77"} normal faults that were interpreted along the Storbanken
(Fig. 5A) and Persey highs (Fig. 98" on the Kong Karls Land Platform.
Due to the large distance between seismic lines, the strike direction of
these faults cannor be elearly mapped, but most likely it rescmibles FE1
(NE-SW) and FE2 (L-W). These faults form horst- and graben-like
structures with a maximum throw of 80 m (Fig. 98", The absence of
growth strata suggests the age of these faults as post-Early Cretaccous.

5. Discussion
5.1. Periods of fault reactivation

5.1.1. Post Early Kimmeridgian — pre Valanginian

This period corresponds to an initial reacrivation of the Late
Paleozoic FF1 and FF2 as reverse faults. Interpretation is based on
observed pinch out of the Upper Juras
high (Fig. 9A7. In the rest of the study area, thickness variations of the
Upper Jurassic strata were not observed. However onlap of the Lower
Cretaccous Facies A and C indicates an established paleotopography
prior to its deposition (Figs. 7A" and 94°). The age is inferred by pre-
vious studies in the Olga Basin thar documents reactivation/inversion
along the flanks during Oxfordian - Hauterivian (Antonscn et al.,
1991). However, studies on the Kong Karls Land by Larssen et al.
(2018) suggested a post — Early Kimmeridgian — pre Valanginian, be-
cause of the observed carbonates of the Klippfisk Formation {Smelror

strata towards the Pinegin
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Fig. 12. Regional (A) time and (A) depth section through Kong Karls Land Platform; (8) and (B') enlarged part of the regional section illustrating angles of reverse faults and gentle
anticlines.

et al., 1998) which might indicate a icall i period infl d the study area:
during Valanginian.
1 Dextral transpression along Novaya Zemlya
5.1.2. (Berrigsian) Hauterivian - Larly Barremian
Further reactivation of FF1 and FF2 is recorded in the Lower Previous work by Nikishin et al. (2014), Malyshev et al. (2013) and
Cretaccous during Hauterivian to Early Barremian, and corresponds to Nikishin (2013) documents an inversion of structural highs like the
S1. Interpretation is based on obscrved growth strata and wedging of Admiralty, F k Ludlovskoye, Demi and Fe-

the S1 (Figs. 7-9). Interpretation is consistent with onshore studies on dynskyi (Fig. 11). The inversion of these structural highs was suggested
the Kong Karls Land (Larssen ct al., 2018) that defines the same period to be controlled by pulses of Late Jurassic — Early Cretaceous dextral
of reactivation. Ilowever. along Novaya Zemlya, reactivation was most transpression along Novaya Zemlya (Sobornov et al., 2015) (Fig. 13A).
likely initiated earlier and correspond to the Berriasian — Early Barre- Dextral transpression was related to the rotation of the Siberian Plat-
mian period. This is supported by the absence of pre-Barremian sedi- form due to the collision with the Omolon microcontinent in the Ver-
ments in the well Luninskaya - 1 (Fig. 3) and by the interpretation of khoyansk — Chukorka region that took place in the "ithonian - Barre-
the Berriasian — Early Barremian clinoform complexes that infilled mian (Oxman, 2003). The thinning of S1 towards the Admiralty high

South Barents Basin (Kayukova and Suslova, 2015). and the Ludlovskoye Saddle supports the inversion of these highs at
least during Early Cretaceous (S1; Fig. 5A and B).
5.1.3. Post Early Cretaceous It also can be speculated whether dextral transpression along

Reactivation of FF1 and FF2 that led to further inversion was also Novaya Zcmlya could have caused an inversion on the Kong Karls Land
recognized in the study area (Figs. 7 and 9B"). The age of inversion is Platform and the Olga Basin (Fig. 13A). Numerical models by Buiter

uncertain. However, folding of the Lower Cretaccous sequences 1-6 in and Torsvik (2007) on the orth 1 westward displ of No-
the Russian Barents Sea suggest that reactivation/inversion took place vaya Zemlya that the ion of the ion is up to
at lcast post Cenomanian time (Figs. 7 and 98%). 'I'his inversion was 550km westward during the Late Triassic — Early Jurassic. In com-
ponsible for rej ion and enhancing of i inverted parison to the Late Triassic- Early Jurassic orthogonal compressional
faults and most likely resulted in the present day basins configuration. event, the dextral transpression during Late Jurassic - Early Cretaceous
is considered as a tectonically minor cvent (Sobornov ct al., 2015),

5.2, Mechanisms controlling the Late Jurassic — Early Cretaceous inversion hence it is expected that the propagation of deformation is less than

550km. 'The northern margin of the Tibetan Platcau is proposed as a
High angle reverse faults (~52-77°) of FF1 and FF2 in the north- possible analogue for comparison (Fig. 14A).

central Barents Sea were developed through the reactivation of Late Transpression along Novaya Zemlya was compared fo the trans-
Paleozoic normal faults (Fig. 12). Crustal shortening of 22m (~0,1%) pression along the Altyn-Tagh and the Qilian-Haiyuan strike-slip faults
on the Kong Karls Land Platform is insignificant and suggest that the that served as boundary faults of the northern Tibetan Plateau (Zheng
reactivation was most likely caused by a regional tectonic process  cral., 2012) (Fig. 14B). Iranspression along these faults was caused by
outside of the study arca. During the Late Jurassic — Early Cretaccous, India’s north directed collision against Asia. Fig. 14B displays the map
three suggested major regional tectonic events that might have  of the northern margin of the Tiberan Plateau, where the stress/
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Fig. 13. (A) Plate reconstruction map from “Plates” project for Hauterivian (130 Ma) overlain with interpreted structaral clements and integrated with previous stadies in the north-
central Barents Sea. ‘Thick red lines show main tectonic events during the Callovian - Early Barremian that controlled the tectonic development of the northcentral Barents Sea. Note
paleoposition of Greenland and the Kllesmere Islands during Gallovian (blue) and Aptian (green). () Applied stress ellipsoid for F¥1. Riedel shear faule resemble the strike of the onshore
and offshore dykes on the Franz Josef Land and North Barents Basin. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

deformation related to the Altyn-Tagh and the Qilian-Haiyuan strike-
slip faults propagating to a maximum 400km to the north of these
faults. On Fig. 14C, the Novaya Zemlya was overlain on rotated Fig. 14B
to illustrare potential similarities of the structural settings of two mar-
gins.

‘Therefore, considering a distance exceeding ~600km (between
Novaya Zemlya and Kong Karls Land Platform/Olga Bain; Fig. 14B), it
is unlikely that the reactivation along Novaya Zemlya controlled the
inversion of the NE-SW and E-W oricnted structures on the Kong Karls
Land Platform and the Olga Basin.

2 Opening of the Amcrasia Basin

The stress ellipsoid applied for the faults from FF1 on the Kong Karls
Land Platform suggests that the dextral strike-slip motion might have
controlled the inversion (Fig. 13B). Previous work by Dibner (1998),
Polreau et al. (2016) and Grachev et al. (2001) mapped a significant
amount of WNW and NW trending dykes on Franz Josef Land and the
North Barents Basin (Figs. 2 and 13A). Dykes are commonly perpen-
dicular to the extension dircction or to the minimum horizontal stress
o® (Anderson, 1951; Iubbert and Willis, 1972). The orientation of these
dykes resemble the divection of the Riedel shear on the stress cllipsoid
(Fig. 13B). These dykes were emplaced in this direction mostly duc to
the structural weaknesses developed during the dexrral morion along
the northern margin of the Lomonosov Ridge (Fig. 13A). Morcover,
Lvangelatos and Mosher (2016) characterized the northern margin of

iy GRS wehacty

o | s
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Fig. 14. (A-B) The northern margin of the Tibetan Plateau is used as an analog, for dextral strike-slip fault deformation along Novaya Zemlya (adapted from Zheng et al., 2013). (C) The
mirrored and rotated image in the context of the northeentral Bareats Sea averlaid with contours of Novaya Zemiya (similar scales).
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the L4 Ridge as 4 transform margin, formation of
releasing and restraining bends resultant from the “rorational” opening
of the Amerasia Basin (Grantz et al, 1998; Lawver et al, 2002;
rd et al, 2013} (Fig. 13A). Restraining bends along strike-slip
re usually referred as areas that can accommodate a local con-
traction due to the transpressional deformation (Christie Blick and
Biddle, 1985; Crowell, 1974). A plate tectonic restoration for the
Hauterivian (132.9 Ma), positions the Lomonosov Ridge connected to
the northern margin of the Barents — Kara Seas (Minakov et al., 2012)
(Fig. 13A). As a result, the paleoposition of the restraining bend along
the novthern margin of the Lomonosov Ridge oceurs to the north of
Tranz Josef Land during Late Jurassic — Early Cretaceons and shows
orientation si ar to the strike of FF1 (Fig. 13A). Given that the re
straining bend is formed due to a contraction, it is suggested that the
reactivation/inversion of FF1 is the result of the transpressional de-
formation formed along the northern margin of the Lomonosov Ridge.
Conscquently, the opening of the Amerasia Basin is considered as a
main rectonic event that controlled the inversion in the Kong Karls Land
Platform (Fig. 13A). An analoguc to the strike-slip fault along the Lo-
monosov Ridge is the Dead Sea transform fault (DSTF, Fig. 15A). The
DSI'F is a major ~1000 ki long sinistral strike-slip fault that scparates
the Arabia plate and the Sinai subplate (Weber et al., 2009) (Fig. 15A).
A restraining bend around the Dead Sea arca is assaciated with a
transpressional deformation aleng the northern part of the DSTE
(Gomez et al., 2007) (Fig. 15A). This transpression resulted in the re-
activation and consequent formarion of several anticlines that are ob-
lique to the main DSTF (Fig. 155 and €). Similarly, a transpressional
deformarion produced by dextral strike-slip along the northern margin
of the Lomonosov Ridge could have caused reactivation, and conse-
quently the inversion of the structural highs and anticlines in the Kong
Karls Land Platform and the Olga Basin (Fig. 158 and C).

3 Compression between North Greenland and Ellesmere Islands with
NW Barents Sea (NW Svalbard)

The inversion on the Kong Karls Land Platform and the Olga Basin is
coeval with the Late Jurassic — Early Cretaceous uplift of Svalbard. The
increasc in thickness of the Upper Jurassic strata {Steel and Worsley,
1984) overlain by the Early Barremian regional extensive erosiomal
unconformity (Gresfjeld, 1992; Mark and Smelror, 2001) might be an
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important evidence of the tectonic uplift of Svalbard during Late Jur-
assic — Early Cretaceous. In fact, the Early Barremian unconformity on
Svalbard can be considered an equivalent to the interpreted intra Bar-
remian reflector (K1) in the offshore northeentral Barents Sea (Fig. 3).
The uplift of Svalbard was suggested to be related to the opening of the
Amerasia Basin and a subsequent doming/uplift of the Alpha Ridge
(Golonka et al.. 200%; Lawver et al., 2002). However, using plate tec-

tonic reconstructions, a substantial amount of crustal shortening (va.
40 km) is observed between NW Svalbard and NE Greenland/Ellesmere
Islands during the Callovian — Aptian (Fig. 13A). In this plate tectonic
madel, Greenland and Ellesmere Island acted as a single block during
Late Jurassic - Early Cretaceous. Observed plate motion in the model is
contrelled by extension in the North Sea {for more details see Skogseid
(20117). 'The extension caused a sinistral opening in the SW Barents Sea
during Late Jurassic - Early Cretaceous. As a result, a minor clockwise
rotation of Greenland and Ellesmere Islands compressed against the Ny
Barents Sea (Fig. 13A) produced the uplift of Svalbard and the inversion
in the Kong Katls Land Platform and the Olga Basin.

5.3, Pdeogeography

5.3.1
The deposition of §1 was accompanied by active tectonics

Sequence 1 (Hauterivian — Early Barremian)

(Fig. 16A). The Hauterivian—early Barremian reactivation of Late Jur
assic inverted structures and provided an accommodation space for §1
in seattered synclinal structures (Figs. 5 and 7). In contrast to a previous
paleogeography map of Smelror et al, (2009) for this period, the Persey,
Pingein, Storbanken and Sentralbanken highs, together with several
anticlines on the Kong Karls Land Platforn, are interpreted 1o be sub-
aerially exposed during this period (Figs. 11 and 16A). Based on the
presence/interpretation of elinoform bottomsets (Facies B) and wedges
(Facies C), these structural highs acted as local seciment sources for 51
(Figs. 8 and 9). In agreement with previous work by Antonsen et al.
(1991), it is suggested that the Kong, Karls Land Platform and the Olga
Basin region were dominated by a shallow shelf environment. Based on
the height of the interpreted clinoforms (Facies B), the paleowater
depth was less than 200 m (Table 1 and Fig. 8B%). In the North Barcnts
Basin, based on interpreted slope deposits of the Facies C (Fig. 9B7, a
deep marine setting with paleowater depths of 300 m is suggested. The
ESE flank of the North Barents Basin is interpreted as subaerally
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Fig. 16. Proposed pakogeography maps for (A) sequence 1 and (E) sequence 2.Note that interpretation ourside of the study erea is taken from publications and presentations of the
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cxposed, particularly in the area around the Admiralty high. The in-
terpretation is based on the overall thinning and erosion of 51 towards
Novaya Zemlya (Fig. 5A) and by the absence of pre-Barremian sedi-
ments in the well Luninskaya — 1 (Fig. 3).

Sequence 2 (Larly Sarremian — Larly Aptian)

There are a number of previous work suggesting the formation of
the High Arctic [gneous Provinee in the northern edges of the Barents
Sca between 125 Ma and 122 Ma (Corfu ot al. 2013; Polteau ct al.,
2016) (Fig. 2) implying that the study area was subjected to overall
uplift due to magmatic activity. This interval is cquivalent to the time of
deposition of 52, However, observations from 2D seismic data suggest
that the deposition of $2 occurred during a tectonically quiescent
period (Fig. 16B), as advocated by the absence of growth strata and the
abundance of parallel seismic facies (Facies D and F). The depositional
cnvironment of the Kong Karls Land Platform and the Olga Basin is
muainly a shallow shelf tw coastal (Facies D anc E), while in the North
Barents Basin continental environments predominated (Facies F and G)
(Fig. 10B}. The main source of sediments is interpreted to be located in
the N-NE, in Franz Josefl Land and the North Kara margin. The shifting
of the main depocenters to S-SW. towards the Olga Basin and the
Bjarmeland Platform (Fig. 10B) suggest a regional progradation direc-
tion from the NNE to S$W (Fig. 16B). This is also supported by the
Lower Cretaceous shelf margin <linoforms observed in the southern
Barents Sea that indicates a similar NE-SW and NNE-SSW direction of
the shelf (Kayulcova and Suslova, 2015; Marin et al,, 2017). Overall, the
NE-SW progradation direction in the study area during 52 is suggested
to be controlled by subaerally exposed structural highs inherited from
81 (Fig. 11) (Larssen et al., 2018} These structural highs acted as
bounding structures and are responsible for routing the paleodrainage
system towards the southern basins of the Barents Sea (e.g. the South
Barents Basin and the Bjarmeland Platform; Fig. 16B)

During the deposition of $3-56, the North Barents Basin was most
likely dominated by coastal to continental deposits that were periodi-
cally flaoded. "I'he distal part of these sequences were recagnized as
linoforms complexes in the southern Barents Sea (e.g. the South
Barents Basin, the Bjarmeland Plarform and the Nordkapp Basi
Kayukova and Suslova, 2005; Marin ct al., 2017). The presence of these
es on the Kong Karls Land Plati

seq
certain. It is most likely that sequence 3 was deposited on the Kong
Karls Land Platform and Olga Basin, as suggested by the presence of the

and the Olga Basin is un

eral. (2017); and Kayukova and Suslova, (20153,

time equivalent deposition of the Carolinefjellet Formation in Svalbard
(Fig. 3; Grundviy et al. (2017)), However, it is still unknown if se-
quences 4-6 were deposited on the Kong Karls Land Platform and the
Olga Basin, as these sediments have not been observed in this area
(Fig. 5).

6. Conclusions

Three stages of reactivation are defined in the northcentral Barents
Sea: (1) post Larly Kimmeridgian - pre Valanginian; (2) (Berriasian)
Hauterivian - Early Barremian and (3) post Early Cretaceous. The post
Early Kimmeridgian — pre Valanginian and Hauterivian - Farly
Barremian reactivation were the result of compression that led to in-
version of several structural highs such as Sentralbanken, Storbanken,
Persey. Pinegin, Admiralty, Fersmanovkoye and Ludlovskaya, and also
it resulted in formation of the E-W oriented Olga Basin. The inversion
had a significant impact on depositional processes in the northeentral
Barents Sea. During the deposion of 51 (Hauterivian — Early
Barremian) tectonic activity subdivided the area into scattered depo-
centers that were filled by sediments sourced from the uplifting struc-
tural highs and continental land to the north. During the deposition of
52 (Carly Barremian — Carly Aptian) the established paleotopography
allowed sediments to prograde from NNE to SSW, whereas uplifted and
subaerially exposed structural highs acted as bounding struetures for
controlling and routing the regional NNE-SSW paleodrainage system.
Later, a post Early Cretaceous reactivation was responsible for re-
juvenation of the Late Jurassic — Early Cretaccous inverted faults and
structures,

Three major regional tectonic events are suggested as main me-
chanisms for centrolling the post Barly Kimmeridgian — pre Valanginian
and (Ber n) Hauterivian Barly Barremian inversion in the
northeentral Barents Sea:

1) the dextral transpression along Novaya Zemlya that was responsible
for inversion on the ESE flanks of the North Barents Basin

2) the apening of the Amerasia Basin which controlled the inversi
the Kong Karls Land Platform and the Olga Basin and;

3) the compression between NE Greenland/Ellesmere Islands and NW
Barents Sea considered as event produced the uplift observed in the
Svalbard and an inversion in the Kong Karls Land Platform and the
Olga Basin
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ABSTRACT

Extensional basins developed along oblique or transform margins are
least studied basins as comparted to those developed along orthogonally
extended margins, therefore their evolutionary models are controversial.
This study present an example of the basin, namely Tromsg, which
developed along the Southwestern Barents Sea transform margin. Three
previous models have been proposed to explain the tectonic evolution
and architecture of the basin, but still no consensus on how the
development of the individual structures is reached. In this study, we use
2D industry seismic reflection data, potential field and wells data, as well
as previously published information to understand the Early Cretaceous
structural evolution of the Tromsg Basin in the context of the
geodynamic processes in the south-western Barents Sea. Modelled
gravity anomalies along a composite 2D regional seismic section
facilitated the interpretation of crustal structures, which then were used
for a 2D structural reconstruction. Unlike any previous models, we
propose a new Early Cretaceous structural evolutionary model for the
Tromsg Basin, which involves oblique extension and the formation of an
intra-basinal transfer zone with transpressional strike slip fault systems.
The basement heterogeneity suggested to have played important role in
focusing and localizing strain in the area. The 2D sequential restoration
of the regional profile yields an estimate of ca. 35 km of crustal extension
from the earliest Cretaceous until present. Thinner crust below the
Tromsg Basin as compared to Sgrvestnaget and Hammerfest basins is
suggested to be additional characteristics favoring the oblique rifting of
the margin. This study illustrates the importance of integrating regional
tectonic settings when reconstructing the evolution of basin-bounding
faults.
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INTRODUCTION

The structural evolution of orthogonally extended passive margins and
basins are well documented through outcrop and subsurface studies
(Badley et al., 1988; Bell et al., 2009; Ebinger, 1989; Jackson and
Rotevatn, 2013; Lehner and De Ruiter, 1977; Moustafa, 1993; Sharp et
al., 2000; Spathopoulos, 1996; Withjack et al., 1998; Ziegler, 1992), as
well as numerical and physical analogue modelling (Corti et al., 2003;
Huismans et al., 2001; McClay et al., 2002; Naliboff and Buiter, 2015).
Due to tectonic inheritance and irregular shapes of the plate boundaries,
passive margins and basins include segments where oblique or sheared
tectonics is prevailing (Brune et al., 2018; Dewey et al., 1998; Hodge et
al., 2018; Manatschal et al., 2015; Morley, 2017; Phillips et al., 2018;
Sanderson and Marchini, 1984). Frequently, evolution of such segments
are assessed using models assuming an orthogonal alignment of relative
plate motion and plate boundary, which may lead to erroneous
assessment of the subsidence pattern and faults evolution (Brune, 2014;
Brune et al., 2016; Huismans and Beaumont, 2011; Lavier and
Manatschal, 2006; McKenzie, 1978; Naliboff et al., 2017; White, 1993).
Despite the general knowledge of the extensional basins that involve
certain degree of obliquity (Atwater and Stock, 1998; Corti, 2008;
Fletcher et al., 2007; Fournier et al., 2004; Klimke and Franke, 2016;
Lizarralde et al., 2007; Mart et al., 2005; Phethean et al., 2016), the
structuring and kinematics of the past rift basins remains under-
researched.

Therefore, in this study, we analysis tectonic evolution of the Tromsg
Basin which located along the sheared margin of the SW Barents Sea and
has a complex tectonic history that involved both orthogonal and sheared
rifting (Faleide et al., 1993). In general, it is accepted that the basin
formed in response to Late Jurassic — Early Cretaceous rifting in the SW
Barents Sea (Faleide et al., 1993), but there is no clear consensus on basin
evolution and tectonic model. Early works proposed at least two models
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to explain the Late Jurassic — Early Cretaceous evolution and structuring
of the Tromsg Basin: 1) Strike-slip model with either (a) sinistral or (b)
dextral strike-slip system along the northern basin bounding faults (e.g.
Bjerngyrenna Fault Complex; (Gabrielsen and Feerseth, 1988; Riis et al.,
1986), and 2) Large scale extensional model with sinistral strike-slip
faults (Fig. 2B) (Faleide et al., 1993). Timing and direction of major fault
movements in these models are controversial, where for instance, the
structural highs along the western margin (e.g. Senja Ridge and
Veslemgy High; Fig. 2A) have either an extensional (Faleide et al., 1993;
Indreveer et al., 2013; Riis et al., 1986) or a compressional origin that
resulted from strike slip tectonics (e.g. along Ringvassgy — Loppa and
Bjorngyrenna fault complexes; (Gabrielsen and Farseth, 1988). Later
work, using potential field (magnetic and gravity) data, proposed a new
crustal scale “boundinage” model for the SW Barents Sea (Gernigon et
al., 2014). Indirect observations from neighboring basin suggested a
highly thinned crust and abundancy of low angle fault systems below the
Tromsg Basin, which still requires better constrains in terms of basin
evolution (Fig. 2C). Disagreements regarding the tectonic models are
also attributed to a limited well control and poor imaging of the deep
basin by seismic reflection profiles that increases uncertainty in the
interpretation (Breivik et al., 1998; Faleide et al., 2008; Faleide et al.,
1993; Gabrielsen, 1984; Mosar et al., 2002).

Although all models explain the present-day configuration of the basin,
choosing one or another model can lead to an erroneous assessment of
the tectonic and geodynamic settings. Therefore, in this paper we aim to:
(1) understand the Early Cretaceous tectonic processes in the Tromsg
Basin and revise structural evolutionary models; and (2) by restoring 2D
regional a crustal profile constrain the development of the area to
understand pre-drift configuration of the margin.
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Figure 10 A) Location of the study area with main structural elements of the SW Barents Sea
(TB = Tromso Basin; HB = Hammerfest Basin; BB = Bjgrngya Basin; SB = Sgrvestnaget Basin;
LH = Loppa High; SH = Stappen High; VH =Veslemgy High; SR = Senja Ridge; VVP =
Vestbaken Volcanic Province; FP = Finnmark Platform; BKFC = Bothnian Kvanangen Fault
Complex; BSFC = Bothnian-Senja Fault Complex; TFFC = Troms-Finnmark Fault Complex;
TFFC = Tromsg Finnmark Fault Complex; RFLC =Ringvassgy- Loppa Fault Complex; BFC =
Bjarngyrenna Fault Complex; BFZ = Billefjorden Fault Zone; HFC = Horsund Fault Complex;
SFZ = Senja Fracture Zone). B) Location of the 2D seismic profiles and wells.
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GEOLOGICAL SETTING

The Tromsg Basin is characterized as an elongated NNE-SSW-striking
basin, with a length of 140 km and a width of 60 km (Fig. 1A;
(Gabrielsen et al., 1990). The southern boundary is a transition towards
the Harstad Basin and termination against the Troms — Finnmark Fault
Complex (TFFC) (Fig.1A; (Gabrielsen et al., 1990). The northern
boundary is defined by the Veslemgy High and the Bjgrngyrenna Fault
Complex (BFC), which separate the Tromsg Basin from the Bjgrngya
Basin (Fig.1B). The eastern boundary, towards the Hammerfest Basin, is
delineated by the Ringvassgy-Loppa Fault Complex (RLFC), while the
western boundary is limited to the Senja Ridge and the Veslemgy High
(Fig.1B(Gabrielsen et al., 1990).

The tectonic history of the Tromsg Basin, can be traced back to
approximately 400Ma, when the Caledonian orogeny was formed by
collision of the Laurentian and Baltic plates with development long lived
reversed fault zones with a variety of nappes and thrust sheets over the
Fennoscandia Shield (Gabrielsen, 1984; Gasser, 2013; Gee et al., 2006;
Gee et al., 2008; Roberts, 2003). Towards the end of the Paleozoic,
regional extension caused collapse of thrust sheets resulting in formation
of grabens and half grabens that were covered by Upper Carboniferous
to Lower Permian carbonate platforms and thick evaporates deposits
(Gudlaugsson et al., 1998; Larssen et al., 2002).

The Early Triassic is marked by a rift episode, which has been
documented in the North Atlantic region (Tsikalas et al., 2012). It has
been suggested that the same Early Triassic rift episode may have
continued until the Middle Triassic around the Tromsg Basin (Smelror
et al., 2009). The Triassic succession is comprised of prograding and
retrograding cycles of marine, deltaic and continental clastic deposits
sourced from the ESE (Glgrstad-Clark et al., 2010; Klausen et al., 2015).
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From the Middle Jurassic to Early Cretaceous, northward advance of the
Atlantic rifting formed deep basins in the southwestern Barents Sea such
as the Harstad, Tromsg, Bjgrngya and Sgrvestnaget basins (Faleide et al.,
2008; Gernigon et al., 2014). In the Tromsg Basin, the Early Cretaceous
rift episode along the NE — SW trending Ringvassgy—Loppa and
Bjarngyrenna fault complexes led to rapid subsidence and accumulation
of thick Cretaceous sediments (Clark et al., 2014; Faleide et al., 2008;
Faleide et al., 1993; Gabrielsen et al., 1990; Indreveer et al., 2016;
Rennevik et al., 1982). The central part of the basin experienced salt
related deformation during this rift event (Faleide et al., 1993; Gabrielsen
et al., 1990; Larssen et al., 2002; Sund, 1984). Three Early Cretaceous
rift phases have been interpreted for the Tromsg Basin: Berriasian—
Valanginian, Hauterivian—Barremian and Aptian—Albian (Faleide et al.,
1993). Local compression during the earliest Cretaceous has been
identified in the northern part of the basin. This has been suggested to be
the result of dextral strike slip movement along the Asterias Fault
complex (Berglund et al., 1986; Gabrielsen et al., 1990; Sund, 1984) or
as a localized tectonic inversion due to differential uplift of the Loppa
High (Indreveer et al., 2016). In terms of the Lower Cretaceous
stratigraphy, a major break in deposition occurred from the Boreal
Berriasian/Volgian to Valanginian to Barremian, forming a regional
unconformity known as the Base Cretaceous Unconformity (BCU)
(Arhus et al., 1990; Lundin and Dore, 1997; Marin et al., 2017b; Mork
etal., 1999). The BCU is expressed as a high amplitude seismic reflector
and its age and stratigraphic significance is complex (Gabrielsen et al.,
2001; Nottvedt et al., 1995). In the areas of the southwestern Barents Sea,
where basin margins are affected by Late Jurassic to Early Cretaceous
tectonism, the BCU represents an unconformity, whereas, in the deeper
basins, it is a conformable surface (Marin et al., 2017b). The Lower
Cretaceous succession of the SW Barents Sea is divided into four main
formations: Knurr, Klippfisk, Kolje and Kolmule, which consist mainly
of grey claystone with minor interbedded limestone and sandstone
deposited in an open marine environment (Dalland et al., 1988; Mork et

82



Paper 2

al., 1999). More recently, these formations were divided into seven
genetic sequences (sequences 0-6; Fig. 3A; Marin et al., 2017b). These
sequences are bounded by flooding surfaces, some of which can be
correlated on a regional scale (Grundvag et al., 2017; Marin et al.,
2017b).

The Late Cretaceous — Paleocene period is associated with dextral strike-
slip movement between the western Barents Sea and northern Greenland
(Faleide et al., 1996). This event divided the margin into two shear
margins, the Hornsund in the north and Senja in the south (Faleide et al.,
2008) (Fig. 1A). The Paleocene — Eocene transition (55 — 54 Ma) is
marked by a continental breakup of the North Atlantic margin, followed
by separation of the Barents Sea and the eastern Greenland margin, and
opening of the Fram Strait (Faleide et al., 1996). During the same period
the Barents Sea experienced onset of a tectonic uplift that caused
exhumation and erosion of the northern and western margins of the
Barents Sea (Dimakis et al., 1998; Henriksen et al., 2011; Knies and
Gaina, 2008).

Relationship of onshore basement lineaments and offshore
structural trends

It has been suggested that the Early Cretaceous evolution and structural
configuration of the SW Barents Sea has been influenced by inherited
Caledonian or even older Precambrian basement structures (Barrere et
al., 2009; Braathen et al., 1999; Doré, 1991; Fichler et al., 1997;
Gabrielsen, 1984; Gernigon et al., 2014; Ritzmann and Faleide, 2007;
Tsikalas et al., 2012). There are three well-constrained, long-lived fault
complexes identified on the northern mainland of Norway that have
affected the structuring of the southern and southwestern Barents Sea:

1) The Trollfjorden-Komagelva Fault Zone (TKFZ), a major
Precambrian WNW-ESE striking fault zone that was episodically
reactivated during the Paleozoic and Mesozoic (Fig. 1A) (Gabrielsen,
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1984; Herrevold et al., 2009; Karpuz et al., 1993; Rice et al., 1989;
Roberts, 1972; Roberts et al., 2011; Roberts and Lippard, 2005;
Siedlecka and Siedlecki, 1967). The TKFZ is characterized as a transfer
fault system that has an increasing component of extension toward the
adjacent Hammerfest Basin (Berglund et al., 1986; Gabrielsen and
Feerseth, 1989; Gabrielsen, 1984). This relationship has been well
constrained with magnetic data (Gernigon et al., 2014);

2) The Bothnian-Senja Fault Complex (BSFC) and 3) The Bothnian—
Kvaenangen Fault Complex (BKFC) are two major Precambrian NNW-
SSE striking ductile shear zones that were periodically reactivated during
Paleozoic and Mesozoic times (Fig. 1A) (Doré et al., 1997; Indreveer and
Bergh, 2014; Indreveer et al., 2013; Olesen et al., 1997). The Senja Shear
Zone and Fuglgya transfer zone have been proposed as offshore
northward extension of the BSFC and BKFC, respectively (Fig. 1A)
(Faleide et al., 1993; Gabrielsen et al., 1997; Indreveer et al., 2013).
Moreover, the Hornsund Fault Complex (HFC) and Billefjorden Fault
Zone (BFZ) identified in Svalbard are suggested to be part of the same
NNW — SSE structural trend (Fig. 1A) (Doré et al., 1997). Despite the
apparent continuity of onshore and offshore structural expressions,
connection of these faults is not supported by direct evidence or reliable
documentation.
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Figure 11 Simplified sketch of previously proposed regional tectonic models for Late Jurassic -
Early Cretaceous structuring of the Tromsg Basin. Please note differences in the Senja Ridge and
Veslemgy High interpretations as a positive structural feature. A) a) Sinistral and b) dextral
strike-slip system along Bjgrngyrenna and Ringvassoy Fault complexes (Riis et al., 1986;
Gabrielsen and Farseth, 1988) ; B) Large scale extensional system with sinistral strike-slip along
Bjarngyrenna Fault complex (Faleide et al., 1993) and C) A propagating system of highly thinned
crust dominated by reactivated listric fault system (Gernigon et al., 2014)
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DATASET

The database for this study comprises a post-stack time migrated, 2D
reflection seismic surveys provided by the Norwegian Petroleum
Directorate (NPD) and a MultClient Geophysical AS (MCG) (Fig. 1B).
It is important to mention that the 2D seismic data acquired by MCG in
2016 have a better quality in imaging and coverage of the study areas.
The seismic profiles covers the area of ca. 2500 km2, where the average
distance between seismic lines is 2-5 km. The seismic data penetrates
depths of 6-9 seconds in two-way-traveltime (TWT) with dominant
frequency range between 10-40 Hz. In general, the quality of the seismic
data is moderate to good, except the southern part of the study area,
where continuity of the seismic reflectors is poor.

The well data used include five exploration wells 7019/1-1, 7119/9-1,
7220/10-1, 7119/7-1 and 7117/9-2 (Fig. 1B). All wells have a full set of
logs and biostratigraphic data were obtained from well reports publically
available in the NPD web page (http://factpages.npd.no), from the
“Lower Cretaceous basins in the high Arctic” consortium project
(LoCrA; http://locra.ux.uis.no) and previous publications (e.g. Marin et
al., 2017b). Free air gravity map of Sandwell et al. (2014) was used to
model anomalies along selected seismic profiles.
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Figure 12 A) Stratigraphic framework based on well correlation of interpreted Lower Cretaceous

7120/10-2); B) Long distance correlation of the interpreted Lower Cretaceous unit. Please note

seismic units with defined sequences of Marin et al., (2017) in the Hammerfest Basin (well
that wells in the Tromsg Basin do not reach deeper seismic units.
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METHODOLOGY

Seismic interpretation:

Based on reflection terminations and regional continuity of the reflectors,
four horizons (BCU, K1, K5 and K6) that subdivide three seismic units
(U1, U2 and U3) were selected and mapped to constrain the Early
Cretaceous evolution of the Tromsg Basin.

In order to establish the regional tectonostratigraphic framework, age of
interpreted horizons have been constrained by biostratigraphic data and
correlated with flooding surfaces of Marin et al. (2017a) in the
Hammerfest Basin (e.g. well 7120/10-2; Figs. 3A and 3B). Seismic
horizons and their correlative flooding surfaces are: Base Cretaceous
Unconformity (BCU), Late Barremian (K1), Late Albian (K5) and Late
Cenomanian (K6) (Fig. 3B). It is important to state that the BCU and K1
have never been penetrated by wells in the Tromsg Basin. Interpretation
of these horizons was based on seismic reflector configurations and long
distance correlations (Fig. 3B). Consequently, seismic units were also
correlated with sequences (SO — S6) of Marin et al. (2017a), as follow:
U1 with SO — S1; U2 with S2 — S5; and U3 with S6 (Fig. 3A). Stacking
patterns and sand/shale indicators from the gamma ray (GR) well logs
were used to constrain the depositional setting and to support age
determination where biostratigraphic evidence is limited (Galloway,
1989) (Fig. 3A). Internal characteristics of each seismic unit such as
growth strata, lap relationships were included in the seismic
interpretation to outline main periods of faults activity and quiescence.

Faults were interpreted and grouped into fault families based on the
similar structural style, orientation and relative age. Time-thickness
maps were created to determine variations in structural styles in the
basin, including uplifted areas and main depocenters during the main
episodes of fault activity.
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Figure 13 A) Gravity anomalies model along (B) composite regional 2D seismic sections.
Coloured polygons represents areas with constant density, and correspond to the main sequence
boundaries described in the seismic interpretation (grey, red and orange coloured polygons; Table
1). Note the differences between modelled (dashed line) and interpreted (red line) basement depth
below the Loppa High and Hammerfest Basin. Regional profile and gravity modelling:
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In order to understand the regional structural configuration around the
Tromsg Basin, a composite 2D seismic section has been interpreted
through the major structural elements of the SWBS (seismic sections in
Fig. 4B). Seismic sections have been selected through areas that were not
affected by salt diapirs. Two additional horizons below the Base
Cretaceous unconformity have been included into interpretation of the
regional section: (1) Top Paleozoic has been interpreted and correlated
from the neighboring Hammerfest Basin (purple horizon in Fig. 4B;
Indrevaer et al 2016, Gernigon et al., 2014); (2) Top Basement, which
has been penetrated by several wells on the Loppa High, and tied to the
closest projected (12 km) well 7220/11-2s (red horizon in Fig. 4B).
Furthermore, the regional section and interpretations were depth
converted using internal velocities obtained from check shot data of
wells 7117/9-2 and 7119/7-1 for shallow parts, and from well 7119/9-1
for the deeper parts (Table 1).

In order to facilitate interpretation of deeper structures and delineate its
lateral extent, a simple 2D free air gravity anomaly modelling was
performed along the depth converted regional section (Fig.4A). Gravity
modelling was performed using the GM-SYS Profile Modelling software
from Geosoft (https://www.geosoft.com). A 2D model has been divided
into constant density polygons corresponding to the main sequence
boundaries described in the seismic interpretation (Table 1; grey, red and
orange colored polygons on Fig. 4B). The average densities for
sedimentary and crustal rocks are derived from the publication of
Gernigon et al. (2014). Top-basement and Moho were used as main
density contrasts in the lithosphere (Fig. 4B).

The results of the gravity anomalies modelling showed that the Moho
depth is consistent with compilation of the crustal depths of Ritzmann et
al. (2007) and therefore used as a reference contrast. Discrepancy
occurred between modeled and actual (interpreted) basement depth
below the Loppa High and Hammerfest Basin (dashed and red horizons
in Fig. 4B). Adjustment of modelled basement depth to a shallower level
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would have resulted in offsetting the Moho depth to a deeper and more
unrealistic results. Therefore, it has been decided to use the interpreted
basement depth with the key assumption that basement rocks below the
Loppa High and Hammerfest Basin are likely to have higher densities
than modelled. Despite of the uncertainties in the gravity anomalies
modeling, for the purpose of this study, it was much more important to
constrain the sizes and geometries of the structures than to constrain the
relative densities.

Table 1 Density polygons and stratigraphy for the gravity model, and interval velocities for depth

conversion. Densities were obtained from publication of Gernigon e al. (2014). Interval velocities
obtained from check shot data of wells 7117/9-2, 7119/7-1, and 7119/9-1.

Sedimentary unit Stratigraphy Velocity (m/s) | Density (kg/m3)
Water Seafloor 1480 1,03
Sediment 1 Eocene and younger 1800 2,30
sediment 2 Paleocene 1900 245
Upper Cretaceous 2300
Lower Cretaceous 2775
Sediment 3 Jurassic/Triassic 3307 2,55
Paleozoic 4000
Upper Crust Basement 5000 2,75
Lower Crust 2,90

2D structural restoration:

A 2D structural restoration of a regional profile was performed to show
the sequential evolution of the Tromsg Basin. 2D Move software
(https://www.mve.com) was used to produce a 2D kinematic restoration.
The workflow and methods consist of:

1. Erosion estimates, where missing sediments were restored on top
of the section. This is important to compensate for isostasy due to
sediment unloading. Missing sediments were given properties of the
underlying stratigraphy.
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2. Compaction and decompaction. The 2D
compaction/decompaction tool in the software includes default
compaction curves, which define different relationships between
porosity and depth. The Sclater-Christie compaction curve were selected,
as it is most appropriate for sandstones and mixed sedimentary sequences
(Sclater and Christie, 1980). Compaction is only applied for missing
sediments (eroded) in order to place removed sediments back and
compensate for isostatic load. Decompaction was used sequentially for
each restoration step by removing the uppermost sedimentary units. This
is applied to correct for the effects of physical compaction in the
sedimentary succession and vertically shift this part of the section to
simulate an isostatic adjustment for each time-step. Flexural isostasy was
applied to consider the isostatic response to sedimentary unloading
during decompaction. Average values have been used for sediment (2400
kg/m3; Table 1) and mantle (3300 kg/m3; Robertson (1966)) densities,
as well as elastic thickness (15000 m; Roberts et al. (1998)) and Young’s
modulus (70000 Mpa; Watts et al. (1982));

3. 2D unfolding has been applied extensively during restoration.
This option allowed geological horizons to be restored to a pre-deformed
stage. The horizons were unfolded using “Simple Shear” and “Flexural
Slip” methods (Gibbs, 1983; Verrall, 1981; Withjack and Peterson,
1993). The Simple Shear algorithm is best suited for flattening a regional
dip that does not dip too steeply, but the limiting factor with this
algorithm is that line length is not preserved. The Flexural Slip algorithm
works by rotating the limbs of a fold to a datum or assumed regional
geometry. Layer parallel shear is then applied to the rotated fold limbs in
order to remove the effects of the flexural slip component of folding. In
the study area, Simple Shear and Flexural Slip Unfolding is carried out,
following the restoration of the faulted displacement at the surface. Most
of the normal faults indicate shear angle ranging between 60° and 90°
and the main fold deformation is in the hanging wall side of the main
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faults and are associated either with fault propagation folding or fault-
ramp-faulting.

4. Fault reconstruction. This method use the "Fault Parallel Flow"
algorithm (Egan et al., 1997), where offset horizons on hangingwall and
footwall were restored to its pre-faulted levels. The Fault Parallel Flow
algorithm subdivide the fault into discrete dip domains and flow lines,
along which, hanging wall material moves, maintaining line-length and
area.
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Cretaceous sequences and interpreted fault families around the Veslemgy High and Ringvassgy-

parts of the Tromsg Basin displaying basin configuration. Note distribution of main Lower
Loppa Fault Complex.

Figure 14 A) Un-interpreted and B) interpreted NW — SE seismic sections though the northern

94



Paper 2

LOWER CRETACEOQUS SEISMIC UNITS

Seismic unit 1 (U1): BCU — Late Barremian

Description. U1 has been penetrated by wells 7019/1-1, 7119/9-1 and
7220/10-1 in the eastern flank of the Tromsg Basin, where it is
characterized by either very condensed (30 — 50 m) or missing pre —
Barremian strata (Fig. 3A). The lower boundary of U1 is delimited by
the BCU (green horizon; Figs. 5 — 10), which is represented by a high
amplitude and continuous seismic event with an angular relationship to
its underlying reflectors (Figs. 5A and 5B). The upper boundary is
marked by a prominent continuous seismic event that correspond to the
Late Barremian horizon (red horizon; Figs. 5B and 8B). Internally, it is
characterized by a discontinuous and sometimes chaotic seismic
reflectors in the southern part and by continuous, parallel and divergent
reflectors in the northern part of the basin (Figs. 7A and 7B).

This seismic unit was deposited in the central part of the basin and thins
out towards the margin (e.g. Veslemgy High and Senja Ridge; Figs. 5B
and 6B). Local and segmented depocenters with maximum thickness of
up to 2 seconds (TWT) are observed along the axis of the basin (Fig.
11A).

Interpretation. This unit is interpreted as early syn-tectonic deposition as
suggested by the presence of growth strata and wedge-like geometry
(Figs. 5B and 6B). Condensed and missing pre-Barremian strata along
the eastern flank support active tectonic settings (wells 7019/1-1 and
7220/10-1; Fig. 3A). Previous interpretation from wells 7120/10-2,
7019/1-1 and 7220/10-1 in the same interval suggest turbidite and outer
shelf deposits distributed along the eastern margin of the basin, in the
Hammerfest Basin, Finnmark Platform and Loppa High (Fjeld and
Escalona, 2014; Marin et al., 2017a; Marin et al., 2017b; Seldal, 2005).
Therefore, distal equivalents of these sediments might have been
deposited in depocenters, in the central part of the Tromsg Basin.
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Figu re 15 A) Un-interpreted and B) interpreted NW — SE seismic sections though the southern

parts of the Tromsg Basin displaying basin configuration. Note distribution of main Lower

Cretaceous sequences and interpreted fault families around the Senja Ridge and southern extent

of the Ringvassgy-Loppa Fault Complex.

96



Paper 2

Seismic unit 2 (U2): Aptian — Albian

Description. The GR pattern for this interval is spiky and irregular with
relatively higher values than in U1, and well reports and previous
publication suggest main lithology consists of siltstone and claystone
rocks (Fig. 3A) (Fjeld and Escalona, 2014; Marin et al., 2017a; Marin et
al., 2017b; Seldal, 2005).

The lower and upper boundaries of the U2 are limited by Late Barremian
and Late Albian horizons, which are characterized by very prominent
continuous high amplitude seismic events (red and dark blue horizons;
Figs. 5 — 10). Internally, this unit is characterized by discontinuous to
chaotic seismic reflectors in the southern part (Fig. 7B); and by relatively
continuous, parallel and divergent reflectors in the northern part of the
basin (Figs. 5B and 8A). Downlap on the underlying seismic unit Ul
(Late Barremian horizon) and growth strata in the lower part of the U2
are locally observed in the northern part of the basin, along the
southwestern terraces of the Loppa High (Fig. 8A). Furthermore, in the
upper part of the U2, several packages of divergent reflectors that
downlap on continuous high amplitude reflectors are observed along salt
diapirs in the central part of the basin (Fig. 8B). The external geometry
of these packages resemble wedge-like shape that are stacked along salt
walls (Fig. 8B). This seismic unit 2 distributed in entire basin and is
characterized by a thick, wedge-shape sedimentary package (Figs. 5B
and 6B). The northern part of the basin serves as a main depocenter with
maximum thickness reaching 3 s (TWT) (Fig. 11B).
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- U1:Valanginian - Late Barremian

- Salt diapirs

:] Eocene and younger
- Paleocene

[:I Upper Cretaceous
- U3: Cenomanian
[] u2: Aptian - Albian

NE

Northern Segment
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Figure 16 A) Un-interpreted and B) interpreted NE — SW seismic sections though the basin axis
of the Tromsg Basin. Note distribution of main Lower Cretaceous sequences and interpreted fault
families. Salt diapirs most likely masking some faults of FF2
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Interpretation. U2 is interpreted as the main syn-tectonic period, as
suggested by the presence of growth strata and thickening of this interval
towards the main faults (Figs. 4A and 5B). Abrupt changes in the
thickness of U2 along the margins also support active tectonism (Fig.
6B). Divergent reflectors packages along salt diapirs flanks are
interpreted as peridiapiric wedges (Rojo and Escalona (2018); Fig 8B).
They indicate periods of salt movement towards the end of the U2
(Albian) that may have caused the uplifts along the axis of the basin.
Previous interpretations from wells 7120/10-2, 7019/1-1 and 7220/10-1
on the same interval suggest shallow shelf deposits with clastic wedges
along downfaulted terraces of the Hammerfest Basin, Finnmark Platform
and Loppa High (Fjeld and Escalona, 2014; Marin et al., 2017a; Marin
et al., 2017b; Seldal, 2005). Therefore, a deeper or distal depositional
environment is suggested for the Tromsg Basin with exposed and
isolated domal structures related to upward movement of the salt diapirs.

Seismic unit 3 (U3): Cenomanian

Description. U3 is composed of relatively thin (20 — 70 m) interval that
has been penetrated by all wells in the Tromsg Basin. The main lithology
consists of siltstone and claystone rocks with occasional dolomite
stringers (Fig. 3A). The GR pattern is relatively consistent with lower
values compared to U2 (Fig. 3A).

The lower and upper boundaries of U3 are constrained by Late Albian
and Cenomanian horizons, which are represented by continuous, high
amplitude seismic events (purple and dark blue horizons; Figs. 5 — 10).
Internally, this unit is characterized by discontinuous and sometimes
chaotic seismic reflectors in the southern part and by continuous, parallel
and divergent high amplitude reflectors in the northern part of the basin
((Figs. 7A and 7B). Laterally, U3 thickens towards the central part of the
basin and pinches out against the margins (Figs. 5B and 6B). Seismic
packages with wedge shape geometries are observed in the small half
grabens on the Veslemgy High (Fig. 5B and 10B). This unit is mostly
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distributed in the central and southern parts of the Tromsg Basin with a
southwestward increase in thickness, where it reaches a maximum of 2
seconds (TWT) (Fig. 11C).

Interpretation. The U3 is interpreted as syn-tectonic deposition, as
supported by the presence of growth strata and wedges towards the axis
of the basin (Figs. 5B and 6B). Based on the abundance of siltstones and
dolomites, an outer shelf (open marine) depositional environment is
suggested for this period.

Peridiapiric
wedges

Salt diapirs

[ ] Eocene and younger
[:l Paleocene

[:| Upper Cretaceous
[:] U3: Cenomanian
|:| U2: Aptian - Albian

[ u1:valanginian - Late Barremian

Figure 17 A) Un-interpreted and interpreted NW — SE section along terraces of the Ringvassgy
— Loppa Fault complexes illustrating detailed seismic configurations of the interpreted Lower
Cretaceous units; B) Un-interpreted and interpreted NE — SW section showing peridiapiric
wedges stacked along salt walls.
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FAULTS

Three main fault families (i.e. faults with similar structural style, strike
and age) affecting the Lower Cretaceous units are interpreted in the study
area. Most these faults are interpreted as thick skin basement involved
faults, but some thin skin faults were also recognized.

Fault family 1 (FF1) consists of a series of NE-SW striking faults
interpreted in the northern and southern parts of the Tromsg Basin (Fig.
12). The lateral extent of these faults is interpreted as a part of the
southern segments of the Bjorngyrenna and Troms-Finnamrk fault
complexes (Fig.12). These faults are characterized as normal faults,
which are interpreted along the Veslemgy High and Senja Ridge, and the
southern segments of the Ringvassgy-Loppa Fault Complex (Figs. 5B
and 6B). Faults are almost planar for the Paleocene and Cretaceous
intervals, but have a listric expression at depth, where they merge into a
low-angle plane below 5 - 6 s (TWT) (Fig. 6B). Horizon offset varies
from approximately 300 to 500 ms (TWT), with a maximum in the Late
Barremian horizon (Fig. 6B). Interpreted growth packages in the Lower
Cretaceous U1 and U3, as well as in the Upper Cretaceous and Paleocene
indicates fault activity during these periods (Figs. 5B and 6B).

Fault family 2 (FF2) comprises N-S striking normal faults interpreted in
the central part and along the eastern flank of the Tromsg Basin (Fig. 12).
FF2 consist of (1) thick and (2) thin skin fault systems:

(1) Thick skin faults are interpreted as a normal faults along the eastern
boundary of basin (Fig. 8A). These faults are almost planar for the
Paleocene and Cretaceous intervals, and become low-angle below 8 - 9
s (TWT) (Figs. 5B). The maximum offset of ca. 400 ms (TWT) observed
at the Late Barremian horizon (Fig. 5B). Fault activity is supported by
several growth and wedge shape seismic packages observed in the Lower
Cretaceous seismic units U1, U2 and U3 (Figs. 5B and 6B). West facing
faults of FF1 interpreted as a part of the west-facing Ringvassgy — Loppa
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Fault Complex (RFLC) that separates the Tromsg Basin from the Loppa
High and the Hammerfest Basin. Laterally, these faults are straight to
slightly curved including some en echelon fault segments with various
degree of linkage, from soft-links via relay ramps to hard-links (Fig. 12).
A few faults are interpreted in the central part of the basin and are masked
by salt diapirs, therefore defining their age and amount of displacement
is problematic (Figs. 6B and 7B).

A)

B)
S Northern Senja Ridge Northern Tromse Basin N
0 Folding related
o focOmpression __
- 7 = p— = ma—— |
| /
L | e /
e B
- ~
| gy e et ¢ 4_‘\a” S e
| LY \, » /f g \
2H: e \"- g o "
ey N, £
s Y % <
5 [CRE A g ; Sxaa 5
‘E’H * Undifferentiated intsrvals 1 N
2 i'; ey T px 2
T
[
[
64"
i
I

FF4 faults

Figure 18 A) Un-interpreted and B) interpreted N — S seismic sections between northern Senja
Ridge and Veslemgy High. Interpreted asymmetric folds with a long limb dipping to the south
were formed in response to the reverse movement of FF4 faults. Please refer to Figure 8 for colour
legend and location.
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(2) Thin skin faults of FF2 consist of normal faults observed along the
eastern flank of the Veslemgy High and Senja Ridge. These east-facing
faults are only developed within the Lower Cretaceous U1 and U2, and
detach at the BCU horizon and Upper Jurassic interval (Fig. 5B). The
amount of offset at the late Barremian horizon fluctuates between 10 —
25 ms (TWT) (Fig. 5B). Fault activity most likely occurred during the
Albian stage, since all these faults are tipping out towards the end of U2.
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A) 0

B)

TWT(s)

Figure 19 A) Un-interpreted and B) interpreted NW — SE seismic sections along the Veslemgy
High. Note interpreted strike slip fault of FF3, left lateral movement is suggested from eastward
lateral extension of these faults that coincide with compression and strike slip faults observed on
the Polhem Sub Platform and the Loppa High (e.g. Indrevaer et al., 2016; Gabrielsen et al., 2011;
Omosanya et al., 2019; Ahlborn et al., 2014). Please refer to Figure 8 for colour legend and

location.
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Fault family 3 (FF3) consists of several E — W striking faults that were
interpreted under the Veslemgy High (Fig. 12). These faults steepened
with depth and form positive flower-like structure that tips at the
Cretaceous strata (Fig. 10B). Minor growth and wedge shaped seismic
packages towards faults were observed in the Lower Cretaceous U1 and
U2, suggesting main periods of fault activity (Fig. 10B). These faults are
interpreted as strike slip faults, and eastward lateral extension of these
faults are coincide with compression and strike slip faults observed on
the Polhem Sub Platform and the Loppa High (Ahlborn et al., 2014;
Indreveer et al., 2016; Omosanya et al., 2017) (Fig. 12). These strike slip
faults have left — lateral movement that support by changed fault
polarities east dipping FF2 to west dipping FF1 across the strike of FF3
(Fig. 12), and displaced structural lineaments on the Polhem Sub
Platform (e.g. tilt derivative map of Gernigon et al., 2014) and Loppa
High (e.g. Swaen Graben; Omosanya et al., 2017).

Fault family 4 (FF4) include WNW-ESE-striking faults that are observed
only along the northern tip of the Senja Ridge (Fig. 12). These faults are
interpreted as a steep reverse faults that tip or truncated at the Paleocene
strata and become listric at depth (Fig. 49B). It is difficult to examine the
lateral extent of these faults due to salt diapirs along the axis of the basin
(Fig. 12). Interpreted asymmetric folds with a long limb dipping to the
south were formed in response to the reverse movement of these faults.
The largest offset observed at BCU horizons with ca. 400 ms (TWT).
Growth sequences and wedge-shaped packages are interpreted at the
Lower Cretaceous seismic units U1 and U3; and Paleocene intervals
indicating main faults activity, which may have triggered the uplift of the
northern part of the Senja Ridge (Fig. 9B).
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Figure 20 Series of time thickness maps of the Cretaceous units. A) Valanginian — Late Barremian
shows early segmentation and isolated depocenters. Note that Veslemgy High and Senja Ridge
uplift during this period. B) Aptian - Albian shows segmentation of the basin into a northern and
southern segments, where northern segment is a major depocenter. This period is also associated
with movement of the salt diapirs (grey arrows). C) Cenomanian shows shift of the depocenter
towards southernmost parts of the Tromsg Basin. Note that during this period the Senja Ridge
and Veslemgy High experienced major inversion and uplift. Salt movement also affecting this
unit.
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2D STRUCTURAL RESTORATION

Six restored steps reproduce the geological evolution of the Tromsg
Basin from the Early Cretaceous until present (Figs. 13A — 13F).
Furthermore, restored sections were grouped into three stages: (1) Pre —
Cretaceous basin configuration, (2) Early Cretaceous and (3) post — Early
Cretaceous evolution. Emphasis were given to basin geometry; timing of
major fault activity; depocenter distribution; and the amount of extension
honoring the data and interpretation as much as possible. Although, the
pre and post Early Cretaceous history are not the main objective, they
were included to highlight important episodes of the margin evolution,
which may have implication to the Early Cretaceous evolution.

Stage 1. Pre-Cretaceous basin configuration

The early regional tectonic events during Permian — Carboniferous and
Jurassic — Triassic marked the location of the proto Tromsg Basin with
up to 15 km thick sediment sequences overlying basement (Fig. 13F).
Until the end of the Late Jurassic, Tromsg and Sgrvestnaget basins were
a formed a single basin dominated by west facing listric faults of FF2
along the Loppa High (Fig. 10F). The SWBS margin was 35 km
narrower compared to present day. Main uncertainties with the Late
Jurassic — BCU restoration step were related to the poor seismic imaging
below 7 seconds (TWT) and absence of well control to the NW of the
Loppa High (Fig. 3B). Therefore, interpretation was speculative and
primarily based on seismic reflection configuration and gravity
modelling (Fig. 4B).
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Figure 21 Fault interpretation maps. Location and subdivion of main interpreted fault families.
Note interpreted strike slip fault on the Loppa High adapted from previous works of Indrevaer et
al., 2016; Gabrielsen et al., 2011; Omosanya et al., 2019; Ahlborn et al., 2014. Location of
proposed transfer zones in the North of the Tromsg Basin (red polygon) is coincide with
westward lateral extent of the previously defined strike faults.
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Stage 2. Early Cretaceous evolution

This stage includes two restoration steps: (1) Late Barremian and (2)
Cenomanian (Figs. 13D and 13 E). The Late Barremian step corresponds
to the Lower Cretaceous seismic unit Ul (Fig. 13E). The main
depocenter observed along the Veslemgy High (Fig. 13E). At this step,
the margin extended up to 13 km from Late Jurassic, where most of the
displacement of 150 — 200 m was accommodated by faults of FF1 and
FF2 along the western boundary of the Tromsg Basin (Fig. 13E). Minor
compression might have been accommodated by sinistral strike slip
movement along FF3 fault, which triggered the slight uplift of the
Veslemgy High and resulted in the division of the Tromsg and
Sgrvestnaget basins at this time (Figs. 10B and 13E). Continues rifting
led to additional extension of the margin by 9km during the Lower
Cretaceous U2 and U3 step (Fig. 13D), increase subsidence led to bypass
the Veslemgy High, and as the result, the Sgrvestnaget and Tromsg
basins acted as a single basin capturing up to 7 km of the Lower
Cretaceous sediments (Fig. 13D). The main fault activity migrated
towards the eastern margin of the Tromsg Basin, where the Ringvassgy
— Loppa fault complex accommodated the main displacement of 300 —
400 m (FF2) (Fig. 13D). At this step, the margin extended up to 9 km
more from Late Barremian step (Fig. 9D). It is suggested that some of
this extension possibly attenuated by the Cenomanian (U3) inversion of
FF3 and FF4 (Figs. 9B and 10B), that resulted in uplift of the Veslemgy
High and northern Senja Ridge, and consequently reinforced the
isolation of the Tromsg from the Sgrvestnaget basins (Fig. 4A).
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A) Present day

Veslemoy High TromseBasin  Loppa High HammerfestBasin  Finnmark Platform SE

[ | Eocene and younger [ U2 and U3: Aptian - Cenomanian || Permian/Carboniferous
[ Paleocene [ U1:Valanginian - Late Barremian [ Basement
. [ 1 Upper Cretaceous [ Jurassic/Triassic [ Lower Crust

Figure 22 2D structural reconstruction of crustal cross section. Six restoration steps (A — F) are
represent the geological evolution of the Tromsg Basin from the Early Cretaceous until present.
For location of the line is see Figure 4.
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Stage 3. Post Early Cretaceous evolution

This stage contains three restoration steps: (1) Late Cretaceous, (2)
Paleocene and (3) Present day (Figs. 13A —13C).

During the Late Cretaceous, most of the faulting occurred along the
western flanks of the Veslemgy High (Fig. 13C). At this time, the margin
extended up to 7 km from Cenomanian step, where major displacement
of 800 m was accommodated by west facing listric faults of FF1 along
the western flank of the Veslemgy High (Figs. 5B and 13C). Footwall
uplift of the Veslemgy High resulted in erosion and degradation, as well
as separation of the Sgrvestnaget and Tromsg basins, where former were
considered as main depocenter (Fig. 13C). The Paleocene step is
characterized by ongoing faulting of FF1 along the Veslemgy High
resulting to additional 4,5 km of extension (Fig. 13B). The Sgrvestnaget
Basin was still a major depocenter at this time containing up to 5 km of
sediments (Fig. 13B). Most of the faulting occurred in the Sgrvestnaget
Basin, while the Tromsg Basin was relatively passive (Fig. 13B). Onlap
and thinning of the Paleocene seismic reflectors suggest that Veslemagy
High continued to uplift at least during initial period of this step (Figs.
6B and 10B). At the present day step (Eocene and younger), the margin
extended 1,5 km (Fig. 13A). Main deformation at this time occurred to
the West of the Sgrvestnaget Basin, therefore the study area was only
subjected to a minor extension (Fig. 13A). The main depocenter shifted
towards the continent oceanic boundary.
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DISCUSSION

Proposed evolutionary model

Most of the plate tectonic restorations in the North Atlantic margin from
145 Mya until 55 Mya, suggest that the SW Barents Sea was adjacent to
the NE offshore Greenland (Barnett-Moore et al., 2018; Doré et al., 2015;
Seton et al., 2012), and NE-SW structural lineaments were predominant
in both margins. Latest compilation and comparison of various plate
models suggest that main extension directions were orthogonal to the
main NE-SW structural lineaments at least during the Early Cretaceous
(e.g. plate flowlines of Barnett-Moore et al. (2018); Fig. 14A).

Structural evolution of the Tromsg Basin during the Early Cretaceous
was Vvastly controlled by the NE-SW trending regional TFFC and BFC,
which interpreted as FF1 in the study area (Fig. 14A and 14B). In contrast
to FF1, the N-S striking FF2 is limited to the extent of the basin (Fig.
12), and most likely represent intra rift fault system (McClay et al., 2004;
McClay et al., 2002). Presence of en echelon faults of FF2, which
generated breached relay ramps along the western border of the Tromsg
Basin, suggest that basin may have evolved in oblique manner (Fig. 12)
(Agostini et al., 2009; Brune and Autin, 2013; Clifton et al., 2000; Corti,
2008; Withjack and Jamison, 1986). Oblique opening of the Tromsg
Basin is also supported by the interpreted by strike slip faults of FF3 (Fig.
10B), which determine location of the intra basin transfer zone that
responsible of changes in faults polarities of FF1 and FF2 (e.g. Corti,
2008; Mc Clay et al., 2002; Fig. 12).

Based on timing of fault activity and kinematics, it is suggested that the
Tromsg Basin experienced three major episodes of deformation: (1)
Valanginian — Late Barremian; (2) Aptian — Albian; and (3) Cenomanian.

1)Valanginian — Late Barremian (U1): Ongoing rifting

112



Paper 2

Wells 7220/10-1 and 7019/1-1 located along the eastern margin of the
Tromsg Basin indicate a condensed or absent Lower Cretaceous unit U1,
suggesting that these areas were uplifted during rifting (Figs. 3A and 3B).
Most of the Valanginian — Late Barremian extension was accommodated
by west facing boundary faults of FF1 (Figs. 5B; 6B and 14A). Isolated
depocenters along the axis of basin suggest on complex interaction
between faults of FF1 (e.g. fault segments of TFFC and BFC), which
resulted in formation of internal fault system of FF2 (Fig. 12). The N-S
strike of FF2 that outline the WSW extent of the Loppa High suggest that
basement heterogeneity possibly guided formation of FF2 by localizing
strain (Baudon and Cartwright, 2008; Nicol et al., 2005; Richard and
Krantz, 1991).

At this stage, the Veslemgy High and Senja Ridge were characterized as
minor structural features that separated the Tromsg from Bjgrngya and
Sgrvestnaget basins (Figs. 6B and 13E). Onset of complex tectonic
interaction between the Veslemgy High and northern Senja Ridge
occurred through left lateral movement along faults of FF3 resulting in
transpressional setting and slight uplift of the Veslemgy High (Figs. 9B
and 10B). Previously, based on structural evolution of the neighboring
Hammerfest Basin, it has been suggested that this episode comprises two
rifting phases, Berriasian — Valanginian and Hauterivian — Barremian
(Faleide et al. (1993)). However, considering the poor seismic imaging
below 5 seconds (TWT) and the lack of well control in the deeper parts
of the Tromsg Basin, these tectonic phases cannot be neither confirmed
nor excluded.

2) Aptian — Albian (U2): Rift culmination

Major extension was accommodated by the intra basin faults of FF2 (e.g.
RLFC; Figs. 12 and 14B). This is also supported by a large depocenter
in the northern part of the Tromsg Basin (Fig. 11B). Towards the end of
this stage, possible during Albian — Cenomanian, complex tectonic
settings between the Veslemgy High and the northern Senja Ridge
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resulted in uplift of both (Fig. 14B). Previously, formation of the Senja
Ridge and Veslemgy High as positive structural features were attributed
to either sinistral or dextral strike-slip movement along Bjerngyrenna
Fault Complex (Figs. 2A and 2B; Gabrielsen and Feerseth, 1988; Riis et
al., 1986). Our study suggest that uplift is most likely caused by the
transpressional settings along FF3, which is also responsible for
formation of compressional structures and faults of FF4 (Fig. 9B). One
plausible explanation could be that during transpressional conditions, the
strike-slip (e.g. FF3; Fig 10B) and dip-slip (e.g. FF4; 9B) components
accommodated on separate but relatively parallel structures (e.g. the
Veslemgy High and northern Senja Ridge; Fig. 12), whilst decoupling
possibly occurred at pre Cretaceous sequences. Transpressional
deformation along transfer zone is most likely related to the oblique
opening of the Tromsg Basin, where basement heterogeneity localized
strain distribution. Furthermore, towards the end of this stage, rapid
increase of subsidence and differential loading triggered salt movement
that have resulted in diapirism in the central part of the basin and
development of the halokinetic sequences (Fig. 8B).

3) Cenomanian (U3): Post rift deformation and inversion

This episode is considered as tectonically quiescent in the central and
eastern parts of the basin (Fig. 14C). Most the of the fault activity (FF1)
occurred in the western and northwestern flanks of the Tromsg basin
(Fig. 13C). Pinching out of the Lower Cretaceous unit U3 against the
Veslemgy High and the Senja Ridge suggests that these structures were
uplifting (Figs. 5B and 6B). Uplift is suggested to be caused by the same
transpressional conditions along FF3 and FF4 (Fig. 9B) (Blaich et al.,
2017; Breivik et al., 1998; Brekke and Riis, 1987; Riis et al., 1986). The
uplift of Senja Ridge and Veslemgy High caused the isolation of the
Tromsg Basin from the Sgrvestnaget Basin during this time (Fig. 14C).
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Figure 23 Proposed structural evolutionary model of the Tromsg Basin during Early Cretaceous:
A) Valanginian — Late Barremian extension was accommodated by west facing boundary faults
of FF1 (e.g. fault segments of TFFC and BFC), which resulted in formation of internal fault
system of FF2; B) Aptian — Albian marked by a transpressional settings along transfer zone which
is related to the oblique opening of the Tromsg Basin, where basement heterogeneity most likely
localized stress and strain distribution; and C) Cenomanian episode is considered as tectonically
quiescent, where most the of the fault activity occurred in the western and northwestern flanks of
the Tromsg basin.

Margin extension and crustal thinning

The constructed crustal section through the Tromsg Basin is considered
to be the most representative of the direction of extension for the SWBS
margin. It is almost perpendicular to the major structural elements (Fig.
4B). Constructed and subsequently restored section resembles the
“boundinage” model of Gernigon et al., 2014 (Fig. 2C), where the origin
of the listric faults (e.g. FF1) is suggested to be the remnants of
Caledonian thrust faults that reactivated in response to rifting (Gernigon
et al., 2014). The Early Cretaceous reactivation most likely caused
backsliding of the Caledonian thrust and triggered upward propagation
of fault segment from pre-existing basement faults (Baudon and
Cartwright, 2008; Nicol et al., 2005; Richard and Krantz, 1991). The
result of sequential restoration suggests that these faults were responsible
for 35 km margin extension from the Earliest Cretaceous to the present
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day (Figs. 13A — 13F). Previous work by Breivik et al. (1998) estimated
a post-middle Jurassic extension of 70 — 85 km. Such discrepancies most
likely related to calculation methods, where our calculations of 35 km of
extension over such time interval seems reasonable and more reliable.
Based on the modelled depths of the basement and Moho (Figs. 4 and
13A), post-rift crustal thickness below the Tromsg Basin reaches
minimum of 8 km. Assuming that the original pre-rift crustal thickness
was 30 — 35 km (Barrere et al., 2009; Clark et al., 2013; Ritzmann and
Faleide, 2007), and after dividing pre-rift by post-rift crustal thicknesses
we estimated a cumulative crustal thinning (B) factor of 3,7 — 4,4 and 2,9
— 3,1 below the Tromsg and Sgrvestnaget basins since the BCU. The
calculated B factor is consistent with previous estimation by Breivik et
al. (1998) for the Tromsg Basin (B factor of ca.4). Globally, the B factors
of rifted margins generally increase towards the continent—oceanic
boundary (COB), where the maximum crustal thinning is usually occurs
at the location of breakup (Crosby et al., 2011; Montési and Behn, 2007).
In case of SWBS, crust is thinner below the Tromsg Basin as compared
to a Sgrvestnaget Basin, which is relatively closer to a COB. Therefore,
common characteristics for rifted margins (Peron-Pinvidic et al. 2013),
where crust thins towards the distal domains is not applicable for the
SWBS margin. This difference can be attributed to a transform or oblique
nature of the Early and post — Early Cretaceous extension in the SWBS,
where increase in obliquity of rifting may decrease crustal thinning and
stretching towards the continental breakup (Montési and Behn, 2007).
This is also advocating to the oblique opening of the Tromsg Basin.
Moreover, high crustal thinning (f factor of 3) is observed below the
Bjerngya Basin by Clark et al. (2013) and Gernigon et al. (2014), which
suggest that both Tromsg and Bjerngya basins may have similar origin
and were influenced by the same tectonic regimes.

116



Paper 2

CONCLUSIONS

. The Early Cretaceous evolution of the Tromsg Basin is
influenced by the inherited basement structures from the Caledonian
orogeny. The presence of west facing low angle detachment faults below
the Tromsg Basin supports the idea of post orogenic collapse of
Caledonian thrust sheets, that were periodically reactivated or backslided
in response to an Early Cretaceous extensional episode.

. The proposed structural model for the Early Cretaceous evolution
involve oblique opening of the Tromsg Basin and formation of the intra
basinal transfer zone with compressional strike slip faults (Figs. 13A —
13C). This model differs from any previously proposed models and
partially resembles both Faleide et al. (1993) and Gernigon et al., (2014)
models (Figs. 2B and 2C).

. Extension of 35 km is proposed for the SWBS margin since the
Earliest Cretaceous. Among the Cretaceous extensional episodes, the
Valanginian — Late Barremian is considered as the period of major
crustal extension (13 km) in the SWBS margin (Figs. 13E and 13F).
During most of the Early Cretaceous, the Sgrvestnaget and Tromsg
basins were a single large basin and were separated by activity of FF3
and FF4 faults, resulting in the uplift of the Veslemgy High and northern
Senja Ridge.

. Distribution of the crustal thinning (B factor) in the SWBS is
unlike for common rifted margins. Crust below narrow and confined
Tromsg Basin is suggested to be thinner than in the Sgrvestnaget Basin.
This supports that the Early Cretaceous rift in the Tromsg Basin involved
certain degree of obliquity.
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ABSTRACT

Narmal faults grow by either simultaneaus increase in displacement and length (isalated madel), ar by rapid establisament of their final length before accomulating
sigaificant displacement (constant-leagth model), ar a combination of these tow end-members. I this study, we integrate stratigraphic and structural observaions
with throw hackstripping and rime thickness maps 1o define the growth pracesses of a hasin-bounding normal faulr in the northern Palhem Subplatform, SW Barents
Sea, During the
backstripping indicates that fault segments were hard-linked after this initial stage to form a single 40 km long fault zone. Fault linkage resulted in displacement
redistribution, with the locus of faulting being shifted from fhe center of each paleo-segment, fo the center of the through going fault. Across fault incised valleys
provide sdditional information on the topographic response to fault growth. Major valley incisions at the fault linkage zores outline the extent of the individual fault
segments and support early isalated fault growth. Fault hackstripping results suggest that valley incision and sedimentation rates kept up with fault slip rate, such
fhat the incised valleys remained unaffected by the uplift of the latter fault linked stage. ‘Ihis study illustrates the importance of integrating swarigraphic and
structural ahservations when reconstructing the evolution af hasin-hounding narmal faults. In particular, syn-rift erosinal featares, sedimeat thickuess variations,

15 My of Early Cretaceous rifting, the fault system consisted of at least five en-echelon segments, which were ca. 5-10km long. Throw

sediment distribution, stratal geometries and enlap/trmeation relationships are critical for estimating the growth of these structures.

1. Introduction

Fault interaetion, growth and linkage are important processes in the

1 of major basin-t ding normal fault systems (Gawthorpe
and Leeder, 20005 Jackson, 1987; Le Béon et al, 2018; Machette et al ,
1991; MeLeod e al, 2000; Morley, 1999; Peacock, 2002; Peacock and
Xing, 1994; Schlische, 1992; Sharp et al,, 2003). Observations from
outerop and subsurface datasets, and analogue and numerical models
suggests two ways of fault growth: (1} the isolated fault model, where
growth and linkage of individual fault segments oceur through dis
placement and lateral propagation of their tiplines (Cartwright cf al.,
1995; Dawers and Anders, 1995; Dawers et al, 1993; Walsh and

Warterson, 1988; Warterson, 1986) (Fig. 1A); and (2) the constant
length fault model, where the faults reach their near-final length rela-
tively early in their slip history, and accumulation of significant dis-

Walsh ot al., 2002, 2003) (Fig. 1B). In the last 30 years. these two
maodels have been a matter of discussion and debare, as the style of fault
growth differs in both medels and has significant impact on predictions
regarding the physiographical and tectonostratigraphic evolution of vift

* Correspanding auther
F-mail address: marathekovich@gmail.com (B, Kairanov).

hiips://dolorg/10, 1016/

4.2019.04.014

basins (Childs et al., 2017; Jackson et al., 2017)

Although fault growth and linkage influence the facies architecture,
thickness variations and internal characteristies of syn-rift deposits
(Dawers and Underhill, 2000; Jackson et al, 2002; Su et al., 2011),
most works on fault growth are focused on the final structural geometry
and displacement versus length characreristics (Fig. 1C), and they
rarely look at the impact of fanlt evolution on topographic and sedi-
mentary response (Cactwright et al., 1995; Mansfield and Cartwright,
2001; Peacock and Sanderson, 1991), New studies combining detailed
3D structural observations with sediment dispersal and distribution
(c.g. thickness and facics distributions and onlap patterns) are required
to further constrain fault zone evolution and associated structures
(Corfield and Sharp, 2000; Dawers and Underhill, 2000; McLeod er al.,
2000).

In this study, we use high-quality 3D reflection seismic and borehole
data from the northern Polhem Subplatform, SW Barents Sca (Fig. 2A)
to investigate: (1) the Early Cretaceous syn-rift sediment dispersion and
distribution patrerns, in order to assess the style of fault growth, and (2)
the teetonosedimentary evelution of the arca during this period. The
northern Polhem Subplatform is eharacrerized by a classical half-graben
structure of tileed fault blocks, typically up to 5km wide (Gabriclsen
et al., 1990; Indrevaer et al., 2016; Marin et al., 2018) (Fig. 2B). Uplifted
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footwall blocks along basin bounding faults have continuous bedrock
escarpments and ineisions that present an unique opportunity to study
the topographic and sedimentary response to the growth of the fault
svstem (Marin et al., 2018).

2. Geological setting

The Polhem Subplatform is a NE — SW trending block-faulted area
located on the western part of the Loppa High, in the SW Barents Sea. It
is a ~70km long and ~20km wide area delineated by an array of
down-to-the-west normal faults of the Bjernoyrenna and Ringvassoy-
Loppa fault complexes (BFC and RLFC; 2A). The subplatform was a
tectonically active element of the Loppa High in the Permian, and it was
downfaulted relative to the crest of the high in the Early to Mid-Triassic
(Blaich et al., 2017; Gabrielsen et al., 1990; Glarstad-Clark et al., 2010).
Scdimentary wedges in the hanging walls indicare that the subplatform
was tectonically active during the Late Jurassic and Early Cretaceous,
Ryazanian — Harly Barremian and Late Barremian - Middle Albian
(Fig. 34} (Blaich et al,, 2017; Gabrielsen et al., 1990; Indreveer et al.,
201 rek eral., 20175 Marin eral., 2018). The entire Loppa High was
uplifted during the Late Jurassic — earliest Cretaceous (Gabrielsen et al.,
1990; Glérstad-Clark et al., 2010; Indrevar et al., 2016; Marfn et al.,
2018), but the Early Cretaccous fault activity in the RLFC and BEC
rejuvenated the topography of the western flank of the Loppa High,
2018). This in-
terpretation is supported by numerous cscarpments and incised valleys
at the Lower Cretaceous level (Marfn er al | 2018).

I'he Lower Cretaceous succession of the SW Barents Sea is divided
into four main formations: Knurr, Klippfisk, Kolje and Kolmule, which

establishing high gradicnt slape systems (Marin et al

consist mainly of grey claystone with minor interbedded limestone and
sandstone originally deposited in an open marine environment (Dalland
er al., 1988; Mork et al., 1999). More recently, these formarions were
divided into seven genetic sequences (sequences 0-6; Marin ct al.,
2017) (Fig. 3A). Which are bounded by flooding surfaces that could be
corrclated on a regional scale (Grundvig et al., 2017; Marin eof al.,

2017). The lower boundary of the Lower Cretaceous is known as the
Base Cretaccous Unconformity (BCU), which is cxpressed as a high
amplitude seismic reflector, but its age and stratigraphic significance is
complex (Gabriclsen ot al., 2001; Nottvedt cf al., 1995). In the arcas of
the southwestern Barents Sca, where basin margins are affected by Late
Jurassic to Farly Cretaceous tectonic activity, the BCU represents an
unconformity, whercas, in the deeper basins, it is a conformable surtace
(Fig. 3A). Therefore. the age of the succession immediately above the
BCU varies from Boreal Berriasian/Volgian to Valanginian to Barremian
(Fig. 3A) (Arhus ct al., 1990; Marin ct al., 2017; Mork ct al.,, 1999).

't versus length through time for the two models. Notice that at the final stage 3, it is not possible o differentiate between the two

3. Dataset

The database for this study comprises a post-stack time migrated,
3D reflection seismie survey (WesternGeeo, West Loppa) that is tied to
well 7220/5-2 (Fig. 3B). The seismic cube covers an area of 500 km? in
the north-western part of the Polhem Subplatform (Fig. 1A). The spa-
cing berween individual crosslines and inlines is 25m. ‘1he seismic
sections are displayved with normal polarity, so that a decrease in
acoustic impedance is represented by a trough (blue), while an increase
in acoustic impedance is represented by a peak (red-to-yellow) (Brown,
2011} (Fig. 3B). Crosslines are oriented NW-SE and inlines are oriented
NE-SW. The vertical seismic resolution in the interval of interest is ¢.
20-40m, based on a dominant frequency range of 25-35Hz and an
average P-wave velocity range of 1500-2170ms  (Fig. 38)

Well 7220/5-2 has a full set of logs and biostratigraphic data from
well reports in the Norwegian Petroleum Directorate web page (NPLD;
hicp://factpages.npd.ne), the “Lower Cretaccous basing in the high
Arctic” consortium project (LoGrA; http://locra.ux.uis.no), and pre
vious publications (e.g. Marin of al., 2018) (Fig. 3B).

4. Methodology

The stratigraphic framework for the Lower Cretaceous interval
analyzed in this study is based on the genetic sequences defined by
Marin et al. (2018) (Fig. 3A). Both age and lithology of these sequences
(S0 — $6) are constrained by logs and biostratigraphic information in
well 7220/5-2, and tied to the seismic data through a synthetic seis-
mogram (Fig. 3). Sequence boundaries are defined by maximum
flooding surfaces (Galloway, 1989), which are highlighted by spikes in
the gamma ray log (GR) values (Fig. 5B). Some of the maximum
flooding surfaces are eroded in well 7220,/5-2, therefore unconformiti
were used as correlative surfuces, The top of sequence O represents an
unconformity in well 7220/5-2 (red surface, Fig. 3) of Berriasian-Va-
langinian age (Marin et al., 2017). The top of sequence 1 is also an
unconformity (blue surface, Fig. 3}, and it is interpreted as of Hauter-
ivian-Early Barremian in age. The top of sequence 2 (vellow surface,
Tig. 3) is interpreted as early to late Aptian in age. A flooding surface
representing the top of sequence 3 (magenta surface, Fig. 3)
evident in the well 7220/5-2. Consequently, the top of this sequence is
interpreted based on a high amplitude seismic reflector. The lower part
of sequence 4 is partially identiffed, but its upper interval is truncated
by an unconformity at the top of the Albian reflector. Sequences 5 and &
(Lare Albian-Mid Cenomanian age) are not observed in the study area,
because they are cither completely eroded or were not deposited. Ad-
ditionally, in order to capture the pre-rift configuration, the top Fuglen
Formation (Upper Jurassic) and the top Snadd Formation (Upper
iassic) were interpreted in the study area (Fig. 4A) These two

not
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formations are silty to sandy (reference, well, ete.?). To enhance the
continuity of the reflectors, a structural smoothing technique (Randen
et al, 2000) was applied to the 3D seismic cube before interpretation.

Scventeen faults were interpreted in the study area. Only one large
fault (fault B, Fig. 4A) was selected for throw analysis, since it has
preserved the Lower Cretaceous sequence on both the footwall and
hanging wall. Three methods were used to determine the growth his-
tory of the fault array: (1) Throw versus length (T — L) plots, which
show the distribution of throw aleng the fault (Childs ot al., 1995;
Gawthorpe and Leeder, 2000; Walsh and Watterson, 1989% (2) Throw
backstripping, which constrains the style of growth of seismic-scale
segmented fault arrays (Chapman and Meneilly, 1991; Childs et al.,
1993, 2003; Petersen ot al., 1992); and (3) Time-thickness maps, which
show changes in sediment thickness adjacent to faults, thus revealing
the fault growth history (Gawthorpe et al., 2003 Jackson et al., 2002;
Jackson and Rorevatn, 2013; Morley, 2002; Sehlische, 1995).

Fault throw is defined by vertical (two-way-travel time, TWT} dif-
ferences berween the horizon foorwall and hanging wall cutoffs on
seismic crosslines perpendicular to the fault strike, The throw was re-
corded every 100 m along the fault strike direction. The ervor in throw
measurements in the Lower Cretaccous sequences is small, and it is
limited to + 5ins. All throw-length plots were depth-converted using
an average P-wave (checkshor) velocity of 2100 ms 1 (Fig. AB).

Throw backstripping was performed using the “original method™ of
Chapman and Meneilly {1991). ‘I'his method calculates the throw of a
given harizon by subtracting the measured throw of the shallower
horizon at the same along-strike position (Jackson er al., 2017). Throw
measurements were performed at present day (compacred) thickness

of the Lower Cretaceous sequences with seismic data. Gamma Ray (GR), density
wvelocity are included.

and may include uncertainties related to decompaction. Taylor et al.
(2008) pointed out that in sund/shale mixed sequences with low post-
faulting burial, the displacement losses due to compaction are typi-
cally < 20%. The studied Upper ‘I'riassic to Lower Cretaceous sucees-
sion has < 60% shale and < 0.7 km post-faulting burial, which is si-
milar to the setting discussed by Taylor et al. (2008). Therefore, the
npact of differential compaction on the throw of the studied fault
< 20% and hence it does not affect our main ebservations and con
clusions. Fault-propagation-folding was not taken into account in the
estimation of fault throw either. This component seems to be important
in the analyzed sedimentary succession, particularly in the uppermaost
sequence 84 where the studied fault (fault B) tips out (Figs. 44 and 5B).
‘Thus, the reported throw measurements, particularly to the top §4, are
a minimum cstimate.

5. Fault blocks and Lower Cretaceous sequences

Description: The northern Polhem Subplatform is characterized by a
series of fault blocks and fault scarps (Fig 4A and B). The Lower Cre-
taceous succession was drilled in one of these fault blocks by well 7220/
5-2 (Figs. 4A and 5A). The base of the Lower Cretaceous is delimited by
the BCU, which is represented by a high amplitude and continuous
seismic event with a clear angular relation to its underlying reflectors
(Fig. 5B). The top of the Lower Cretaceous is marked by a prominent
continuous scismic cvent corresponding to the top of scquence 4 of
middle Albian age (Figs. 44 and 5A). Internally, sequences 0 and 1 are
characterized by wedge-shaped geometries thickening towards the
faults (Figs. 44 and 5B} Seismic reflectors are continuous to semi-
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continuous, with downlap rclations to the underlying reflectors

BCU, S0, S1 and $4 (Fig. 5A). These unconformitics are characterized

(Fig. 5B). Sequences 2 to 4 are mostly by low-
amplitude, parallel reflectors thickening towards the Bjernsya Basin
(Figs. 4A and 5B). Lower Cretaccous sequences SO and S1 arc only
present in the middle and lower fault blocks, while they are either
condensed or croded in the upper fault block (Figs. 4A. 5B and 6A). The
main depocenters of SO and S1 are located along the major bounding
faults, and fluctuate in thickness between 350 and 450 ms (T'W1)
(Fig. 6A). Sequences S2 to S4 are distributed in the entire study area,
with a major decrease in thickness in the upper fault block (Figs. 4A and
6B). The main depocenter of $2-84 is located in the NW part of the
area, with a maximum thickness of 1100 ms (TWT) (Fig. 6B).
P ‘The Lower Ci were

during active faulting, as suggested by the presence of wedge-shaped
scismic packages, thickness changes, and onlap relationships towards
the footwall crests (Figs. 4A. 5B and 6). Based on the configuration of
the seismic reflectors and sedimentological log description by Marin
ctal. (2018), the depositional setting in the study arca is as follows: S0 —
S1 wedges were deposited in shallow marine to shelfal environments.
This indicates that the sediments were deposited at shallow water depth
and proximal to the actual shoreline; 52 - S4 were deposited in a re-
latively distal environment, outer shelf to open marine setting, as sug-
gested by an overall increase in shale content.

6. Incisions

Description. Four main unconformities are present in the study area:

by | features such as incised valleys (Fig. S5A). At least three
main incised valleys across the faults are recognized at the top of S0 and
S1 unconformitics (Fig. 7). The interpreted incised valleys extend from
the E to the W, transverse to the trend of the major basin bounding
faulrs (Fig. 7B). Incised valleys in the middle and northern parts of the
middle fault block coincide with synthetic overlapping transfer zones
(Fig. 7B; Morley et al., 1990). It is not casy to determine the length of
these incisions. particularly in the higher footwalls located to the east
(upper fault block), because this area experienced several post Early
C i events (lle et al., 2011; Solhcim and
Kristoffersen, 1984). The width of the incised valleys fluctuates from 1
to 2km (Fig. 7B). 'The incisions at the top of SO and §1 arc partially
filled by sequences 1 and 2 in the middle fault block (Fig. 7C-E). and by
sequences 3-4 in the higher castern footwall (Fig. SA). ‘Ihe incised
valley almost in the middle of the study area shows a number of cir-
cular, concave (towards the W) embayments (Figs. 7B and 8A).
Interpretation. Consistent with Marin ct al. (2018), the presence of
the cross-fault incised valleys suggest that the area had a high gradient.
Incisions in the middle fault block were most likely formed during the
earliest Cretaceous, anl persisted until at least the early Aptian as they
were filled by the Lower Cretaceous sequences S1 and 82 (Fig, 7C-E). It
is not casy to define the age of the incision in the upper fault block,
where they were filled by sequences S3 — 54 (SW side in Fig. 5A).
However, the continuity of the incisions suggest that they have the
same origin, and formed at the same time the incisions in the middle
fault block (Fig. 7AandB). The location of the northern and middle
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incised valleys at synthetic overlapping transfer zones suggest that their
formation was most likely controlled by fault activity (Fig. 7B). More-
over, circular, concave embayments in onc of the incised valleys re-
semble landslide headwalls making abrupt changes in the gradient, also
referred as “knickpoints” (Mitchell, 2006) (Fig. 8AandB). These featurcs
are similar to those observed on the | day New Jersey c

200 ms-750 ms (200-854 m), with a maximum in the Upper Triassic
horizon (Kig. 4A). On map view, these faults are straight to slightly
curved including some en-cchelon fault segments with hard-links via
breached relay ramps (Fig. 9B). FF1 faults were active during deposi-
tion of the Upper Jurassic and Lower Cretaccous sequences S0 — 81

slope, where circular and concave are also i as

(Early - early Barremian), as suggested by the growth and

landslide headwalls forming in response to structurally controlled slope
failure (Fig. 8C) (Farre et al., 1983; McAdoo ct al., 2000). The forma-
tion of several knickpoints along the incision is most likely associated
with gradient changes caused by tectonic activity, where knickpoints
commonly migrate upstrcam (c.g. western Niger Delta; leinia and
Davies, 2007).

7. Fault analysis

7.1. Fault arrays

The interpreted fault arrays consist of various normal fault geome-
tries and styles of linkage. For descriptive purposes, the fault arrays
were grouped into two distinct fault families based on their structural
trend and timing: (1) NE - SW (family 1) and (2) E - W (family 2,
Fig. 9).

Faulr family 1 (FF1) consists of a series of major NE-SW trending
faults (Fig. 9B). These faults belong to the west-facing Bjgrnoyrenna
Fault Complex (BFC), which separates the Polhem Subplatform from
the Bjgrngya Basin (Figs. 2A and 4A). FF1 is characterized by normal
faults, which are almost planar for the Lower Cretaceous interval and
tip out upwards in the Lower Creraccous 83 — $4 and Palcocenc strata
(Figs. 4A and 5B). The throw of these faults varies from approximately
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dge-shape packages in these inrervals along the hanging walls of FF1
(Figs. 4A and 5B).

Fault family 2 (FF2) comprises minor E-W normal faults (Fig. 9B).
FF2 is represented by normal faults, which have higher dip angle than
FF1 (Fig. 5A). FF2 faults in general tip out upwards at the BCU horizon,
and downwards against major faults of F¥1 (Fig. SA). Fault termination
at the BCU horizon resulted in the formation of asymmetric folds with
synthetic dips towards the downthrown block (Fig. 5A; Ferrill et al.,
2005). The throw of FF2 ranges between 50 and 400 ms (50-550 m)
(Fig. 5A), with a maximum observed in the Upper-Triassic horizon.
Laterally, FF2 faults terminate against major basin bounding faults of
TF1 (Fig. 9B). Faults of FF2 were active during the early Valanginian —
carly Barremian, based on growth strata in sequences 0 and 1 (Fig. SA).

7.2. Throw distribution and backstripping

A throw versus length plot was created for a single fault B (Fig. 10A
and B) that belongs to FF1 (Fig. 9B). We chose fault B because in
comparison to fault A (in Fig. 9B), it has preserved sedimentary record
of the Lower Cretaceous sequences in both the hanging wall and foot-
wall (Fig. 4A). Fault B is 40 km long and at the top Snadd Formation, it
has a maximum throw of 854 m (Fig. 10A and B, red line). Maximum
throw values of 520 m and 340 m are present at the BCU and top 81
horizons, respectively (Fig. 10A, green and blue lines). Based on throw
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Fig. 6. lime (I'W1) thickness maps of (A) BCU - 81 and (B) S2 - 54, illustrating locations of depocenters, eroded footwall crests, and valley incisions.

minima at the top Snadd Formation, fault B can be divided into six fault
segments (Fig. 10A). Main fault throw minima in the northern part
coincide with the location of hard links via breached relay ramps
(Fig. 10C).

Fault throw backstripping (Fig. 10) suggests that during the carlicst
fault slip increment (Upper Triassic) and deposition of the Upper Jur-
assic wedges (Fig. 4A), fault B comprised at least 5 major isolated fault
segments (Fig. 10F). Throw varied along strike with maxima of
600-650m on the 4 major faults (Fig. 10F). During the next growth
increment and deposition of S0, the fault accumulated in average 60 m
of throw (Fig. 10E, green line). Fault segments propagated laterally
resulting in the kinematical linkage of the northern and southern seg-
ments and the establishment of 3-5 major fault segments, where the
longest southern segment was 22 km long (Fig. 10E and F). 'This growth
increment also corresponds to activity of FF2 transverse faults (fault tip
folds in Fig. 5A), and suggest that fault B cstablished kinematie linkage
with fault A (Fig. 9B). This led to changes in throw gradient in the
longest fault segment (at 10km in Fig. 10E). However, kinematic
linkage between fault B and fault A is considered a minor factor con-
trolling throw values because it is confined to the southern part of the
study arca (between 0 and 10 km in Fig. 10k), whercas the central and
northern parts show no evidence of linkage between these two major
faults. At the next growth increment and deposition of §1, the fault
accumulated considerable average throw of about 120m (Fig. 10D,
blue line). Lateral propagation and linkage of the fault segments

established the near final fault length (Fig. 10D). During the final
growth i and of the $2-84, the fault
accumulated a relatively small average throw of 20 m (Fig. 10B, orange
line). Further lateral fault propagation is not observed in this period.
Thus, fault throw backstripping suggests that fault B grew initially in
accordance with the isolated fault model, with the final length being
cstablished after ca. 37.5% of the fault slip history.

7.3. Time-thickness map analysis

The time-thickness map of the Lower Cretaceous (BCU - §1) illus-
trates the distribution of depocenters controlled by the studied fault B
(Fig. 11A). Several isolated hanging wall depocenters are present along
this fault, where the main with a i i of
450 ms (TWT) is located to the south (Fig. 11A). A composite seismic
line through the depocenters reveals several minor scoop-shaped de-
pocenters between the BCU and top SO (Fig. 11B and C). Internally,
these depocenters are characterized by tabular seismic reflection
packages which onlap the BCU (Figs. 58 and 11C). These scoop-shaped
depocenters are most likely associated with the formation of individual
fault segments and their slip during the deposition of §0. Furthermore,
the locarion where the onlaps in the scoop-shaped wedges are indicate
the lateral extent of the fault segments during deposition of S0 (Fig. 11C
and D). 'Thus, the time-thickness map suggests thart at the time of de-
position of SO, fault B was formed by at least five kinematically isolated
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fault segments (Fig. 11D). This in accordance with the results of throw
backstripping at the rime of deposition of S0 (Fig. 10E). ‘Iherefore, we
conclude that during the deposition of sequences SO and S1, fault
growth was dominated by lateral fault propagation and lengthening of
the fault segments (isolated model).

8. Discussion
8.1. Style of fault growth and Lower Cretaceous sediment distribution
The two main models of fault growth, isolated versus constant-

length, are undistinguishable after the faults have artained their final
displacement and length as seen in Fig. 1A-B, stage 3. A key difference

looking at it as a whole fault system, which extends outside of the study
area. However, according to several studies, faults have fracral char-
acteristics (Kakimi, 1980; Marrett and Allmendinger, 1992; Walsh
et al., 1991; Wojtal, 1994), which means that our observations from a
part of the fault are still applicable to the entire fault extent. Never-
theless, estimates of fault slip history have uncertainties, as it is difficult
to resolve in derail the carly syn-rift stratigraphy and date the carliest
stages of fault growth due to relatively low vertical seismic resolution
(= 30m) and absence of hanging-wall well data.

As such, the interpreted incised valleys are key markers in un-
raveling the growth of fault B, since erosional processes are key in-
dicators of tecronic processes (Kirby and Whipple. 2012; Pritchard
et al., 2009; Wobus et al., 2006). The incised valleys infill sediments

between these two models though, is the history of fault
versus length (Fig. 1C), which requires knowledge of fault evolution. In
this study, a large 854 m throw fault (fault B, Fig. 9B) with good record
of syn-sedimentary strata in the hanging wall and footwall was chosen
to analyze fault growth. Throw backstripping of this fault suggests that
its near final length was obtained at ~37.5% of its slip history and
therefore during almost the first half of the fault history, the fault grew
in accordance with the isolated fault growth model. This is to some
extent in disagreement with recent compilations of case studies by
Jackson et al. (2017) and Childs et al. (2017), who suggest the final
faulr length is established within ~10-33% of the fault slip history.
One may argue that this discrepancy is due to the fact that fault B is
larger than the faults included in the above compilations, which typi-
cally arc intra-basinal faults as opposed to basin-bounding faults. In the
last case, it is reasonable to expect an initial, longer history of isolated
fault growth such as the one observed in fault B.

It can be suggested we only assessed part of the fault without
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of 81 — 82 suggest that the valleys were formed
during the Valanginian - Hauterivian (S0) and persisted until the Bar-
remian — Aptian (S2) (Fig. 5A). As suggested by throw backstripping
(Fig. 10) and time-thickness maps (Figs. 6 and 11), fault B was com-
prised of at least four isolated fault segments prior to the Valanginian —
Hauterivian (Figs. 10L and 11D), which means that the fault segments
formed earlier than the incised valleys. The northern and middle in-
cised valleys coincide with the location of synthetic overlapping
transfer zones (Figs. 7B and 11D), which is reasonable because these
structures are major sediment inpur points (Crossley, 1984; Morley
cr al.. 1990; Gawthorpe ct al.,, 1994; Gawthorpe and llurst, 1993;
Jackson et al., 2002; Leeder and Gawthorpe, 1987). This implies that
the drainage system i i low arcas that I
between fault segments during the early stages of fault growth (e.g. Late
Jurassic rifting; Fig. 12A). Incision along major sediment pathways
probably occurred during fault segment linkage and interaction stages
(c.g. Early Cretaceous), when crosion and sedimentation were able to
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Fig. 8. (A) Enlarged map section from the middle part of Fig. 7A-B showing circular, concave features along incised valley. (B) Cross section along incised valley
illustrating the location of paleo-knickpoints associated with changes in slope gradient. (C) Present.day example from the New Jersey continental slope illustrating
similar circular and concave features related to structurally controlled slape failure (adapted from Mitchell, 2006). Refer to Fig. 5 for color legend.
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keep up with slip rate on the fault segments (Fig. 12B). Thus, the de-
velopment of the incised valleys through the uplifted footwall arcas of
fault B confirms that this fault grew in accordance with the isolated
faulr growth model.

8.2. Early Cretaceous evolution of the northern Polhem Subplatform

isolared fault segments lasted 11-15 Ma (Dawers and Underhill, 2000;
McLeod et al., 2000; Young ct al., 2001). Intcgration of stratigraphic
and structural observations suggest that the tectonic evolution of the
study area can be divided into three distinet stages, cach characrerized
by specific fault configurations and basin geometries (Fig. 12A-C):

8.2.1. Late Jurassic: initiation of isolated fault segments

Sedimentological and age constrains of the Lower Ci se-
quences by Marin ct al. (2018) for well 7220/5-2 suggest that the
process of growth and linkage of the initially isolated fault segments
took approximately 15-16 Ma. 'This is relarively similar to the Jurassic
rift system of the northern North Sea, where the evolution of the
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Wedge-shaped deposits on the hanging walls of FF1 (Fig. 4A) clearly
show the influcnce of the Late Jurassic rifting in the study arca. Throw
backstripping of fault B suggests that this fault initially comprised five
(5-10km long) isolated fault segments with throw maxima of
600-650 m (Fig. 10F). Thinning and onlap of the Upper Jurassic strata
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towards the crest of the footwalls implies that these were high relief
arcas during the carly syn-rift deposition (Fig. SB). Lrosion of the
footwall crests suggest that the uplifted footwalls may have been above
sca-level (Figs. 6A and 12A). Low topographic relicf arcas were most
likely developed between the isolated fault segments, which controlled
the sediment transport pathways (Figs. 11D and 12A) (Crossley, 1984;
Gawthorpe and lurst. 1993). Shallow to deep marine systems domi-
nated the Upper Jurassic syn-rift fill (e.g. Hekkingen Formation;
Dalland et al., 1988).

8.2.2. Valanginian — Barremian: fault linkage and interaction

The onset of the Early Cretaceous rifting reactivated faults of FF1
and resulted in the formation of FF2, as suggested by the presence of
wedge-shaped geometries and fault tip folds in the Lower Cretaceous
sequences SO and 81 (Figs. 4A and 5). During this period, fault B con-
sisted of 4-5 isolated fault segments that were kinematically linked

in the SO interval. (D) Interpreted paleo-location of isolated fault segments and

deepest di of the syn-rift 80 and 81
suggest the locus of fault activity was centered in the southern and
northern parts of the study area (Fig. 6A).

Shallow to deep marine settings still prevailed in the arca (Marin
et al., 2018). Consistent with Marin et al. (2018), the interpreted in-
cised valleys suggest the formation of high gradient, since the area was
a transition zonc between the uplifted Loppa Iligh and the deep
Biprngya Basin (Fig. 1A). The topography inherited from the Late
Jurassic rifting was enhanced by continued uplift and roration of the
footwall blocks, as suggested by growth strata in SO and S1 during this
stage (Figs. 4A and 5B). supply through drainage
systems was not infl d by lateral p. ion of the fault
as incision rate was able to keep up with fault slip rate, by forming
incised valleys on the uplifted footwalls (Fig. 12B). In the incised valley
of the middle part of the study area. knickpoints reflect changes in the
slope gradient duc to activity (c.g. linkage) of fault B (Fig. 8A). llcad-
ward of kni ints 1 to 3 is probably associated with in-

(Fig. 12B; Gupta and Scholz, 2000). 'These fault d

additional 180 m of throw (Fig. 10D and E), where lateral propag:
of the faults resulted in various degrees of linkage, from soft-links via
relay ramps to hard-links (Fig. 12B).

In the southern part of the study area, fault B segments became
hard-linked, which led to the development of a continuous through-
going fault segment approximately 22 km long (Figs. 10F and 12B). The
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increasc in of fault B (Fig. 8B). 'This i: ar to
observations in the slopes of the Niger Delta and Malawi rift basins,
where migrati ickpoints are | with episodes of fault ac-
tivity (Adcogba ct al., 2005; Pirmez ct al., 2000; Robinson, 2014).
Activity of FF2 resulted in the formation of footwall escarpments and
incised valleys. For instance, the formation of the third incised valley in
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the southern part of the study arca was facilitated by acrivity of FF2
(Fig. 7B and E).

8.2.3. Aptian — Albiam: post — linkage development

Continued rifting in the Polhem Subplatform resulted in the accu-
mulation of additional 20 m of throw along fault B without further
lateral propagation of the fault (Fig. 10A). This indicates decrease in
tectonic activity, where fault B behaved as a single linked fault system
(Fig, 12C). Most of the soft-linked fault segments became hard-linked
via breached relay ramps (Fig. 12C). Northward migration of the de
pocenters of sequences 52 — 54 suggest that the locus of fault activity of
FF1 and FF2 shifted from the southern to the northern part of the study
area (Iig. 6B). The change in depositional environment from the
shallow marine settings of sequences 80 and S1 to the outer shelf — open
marine settings of sequences 82 — 84 indicates a marked increase in
water depth. The uplifted footwall block in the eastern part of the study
area closest to the Loppa High, was a major topographic feature above
sea level. Erosional features and in some localities the absence of the
Lower Cretaceous sequences S0 - S1 are observed in this eastern high
footwall area (Figs. 5A and 6A). Remnant incised valleys were filled
with $2. Incised valleys are not observed in younger sequences
(Fig. 5A).

9. Conclusions

This study shows thar integration of stratigraphic and structural
observations is key to determine the style of fault growth. Particularly,
sed valleys provide
important details of the basin and fault configuration, as they clearly
mark the location of the fault linkage zones and outline individual fault

analysis of time-thickness maps and interpreted in
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segments.

For the studied fault B, the initial 15 My (Valanginian — Barremian)
of rifting were characterized by isolated fault segments 5-10km long.
Tectonic activity resulted in modification of the structural relief that
affected the paleo-drainage system. Uplifted footwall blocks diverted
sediment pathways towards topographic lows developed between syn-
thetic overlapping fault segments (consistent with Gawthorpe and
Leeder, 2000). Erosion and sedimentation werc able to keep up with
fault slip rates resulting in the formation of cross-fault incised valleys at
the locations of fault linkage. Thus, for about half of its initial history,
fault B grew in accordance to the isolated modcl, and although it grew
during the second part of its history following the constantlength
model, key sedimentary features such as incised valleys still follow pre
existent structures (i.e. fault linkage zones) from the initial isolated
stage. This suggests that the categorical distinction between isolated
versus constant-length fault growth models (Fig. 1) may be too sim-
plistic,

at least for large basin bounding faults.
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The Lowwer Cretaceous succession in the Barents Sca is listed as a potential play model by the Norwegian
Petroleum Divectorate. Reservoirs may occwr in deep to shallow marine clastic wedges located in
proximily Lo palaeo-highs and along basin margins. [n addition, shell-prism-scale clinoforms with high
amplitude anomalies in their top- and bottomsets have been reported from reflection seismic but they
have never been drilled. In Svalbard, the exposed northwestern corner of the Barents Shell, Lower
Cretaceous strata of shelfal to paralic origin oceur, and includes the Rurikfiellet (Valanginian
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—Hauterivian/lowermost Barremian), Helvetiafjellet (lower Barremian—lower Aptian) and Carolineficllet
formations {lower Aptian—middie Albian). By combining scdimentological outcrop studies and dinocyst
analyses with offshore seismic and well ties, this study investigate the link between the onshore strata
and the offshore clinoforms. Age-vise, anly three {S1-53) of the scismic sequences defined in the
ollshore areas correlate Lo Lhe onshore sirata; 51 correspond (o Lhe Rurikfjellel Formation, S2 Lo the
Helvetiafjellet Formation and the lower Carclinefjellet Formation, and S3 to the upper Carolinefiellet
Formation. Offshore, all three sequences contain generally southward prograding shelf-prism-scale dli-
noforms. A lower Barremian subaerial unconformity defines the base of the Helvetiafjellet Formation,
and its extent indicates that most of the Svalbard platform was exposed and acted as a bypass zone in the
early Barremian. Onshore palaco-current dicections is generally towards the SE, roughly consistent with
the clinoform aceretion-direction towards the 5. The local occurrence of a 150 m thick succession of
gravily (low deposits Lransitionally overlain by prodella slope Lo della (ront deposils in the Rurikijellel
Formalion, may indicate thal shell-edges also developed in Svalbard. The lale Haulerivian age of theses
deposils potentially highlights the inferred offlapping nalure of the Lower Crelaceous strata as Lhey
predale the lower Barremian unconformity, and thus record a hitherto unknown regression in Svalbard.
The presence of the lower Barremian subacrial unconformity in Svalbard, the general southeastward
palaco-current directions, and the age-equivalent clinoform-packages south of Svalbard, suggests that
the onshore and offshore strata is genctically linked and was part of the same palaco-drainage systerm.

@ 2017 Clsevier Ltd. All rights reserved.

1. Introduction

play models on the Barents Shelf by the Norwegian Petroleun
Directorate. Lower Cretaceous shelf-margin-scale clinoforms con-

After several technical discoverics in clastic wedges of decp to taining prolific hydrocarbon-reservoirs in their shelf top-sets and

shallow marine origin (e.g. Stewart et al., 1995; Seldal, 2005

Sattar base-of-slope toe-sets occur in the West Siberian Basin (Pinous

et al., 2017), the Lower Cretaceous have been listed as one of several et al., 1999, 2001: Ulmishek, 2003) and the Alaskan North Slope
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E-mai{ addres
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(Houseknecht et al, 2009). The Lower Cretaceous palacogeography
and basin development on the Barents Shelf are not yet fully un-
derstood. Lower Cretaceous clinoforms have been reported from
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seismic reflection data on the Bjarmeland Platform and in the
Fingerdjupet Subbasin (Henriksen et al., 2011; Marin and Escalona,
2014; Marin et al, 2016a, 2016b). Several studies have discussed the
stratigraphic and lateral development of the Lower Cretaceous in
Svalbard (e.g. Steel et al., 1978; Nemec et al., 1988; Nemec, 1992;
Gjelberg and Steel, 1995, 2013; Midtkandal et al, 2007, 2008),
and some have invoked a genetic link between the onshore and the
offshore depositional systems (Arhus et al., 1990; Steel et al,, 2000;
Midtkandal and Nystuen, 2009; Grundvag and Olaussen, 2017).
However, to date no studies have documented such a link due to a
combination of limited data, long-distance correlations, poor age
constrains and the lack of preserved Lower Cretaceous strata in
parts of the northern Barents Sea.

This paper aims to shed new light on the onshore—offshore
correlation of the Lower Cretaceous mainly in the northwestern
part of the Barents Shelf {Fig. 1) by combining new biostratigraphic
data, conventional outcrop data from Svalbard, and an offshore
dataset consisting of seismic and geophysical well data. This study
is part of the industry funded LoCrA {Lower Cretaceous basin
studies in the Arctic, for more details see http://locra.uxuis.no)
consortium, and this paper summarizes some of our preliminary
geological results and argue for a genetic link between the onshore
and offshore depositional systems.

2. Geological framework
2.1. Study area and tectonic setting

Svalbard is an Arctic archipelago which represents the uplifted
and exposed northwest corner of the Barents Shelf (Fig. 1). The shelf
is bounded to the west by a sheared margin, to the north by a rifted
(now passive) continental margin, and to the south and east by the
Baltic Shield and Novaya Zemlya, respectively (Fig. 1). The latter
separates it from the prolific Kara Sea region. Mesozoic strata are
well preserved in Svalbard and occur in several basins and platform
areas offshore, providing a unique opportunity to correlate onshore
and offshore strata (e.g. Nattvedr et al., 1992; Henriksen et al,
2011).

The Lower Cretaceous in the northern Barents Shelf, including
Svalbard, was deposited in a subsiding epicontinental sag basin
(e.g. Faleide et al, 2008; Henriksen et al., 2011, Fig. 2). Some minor
fault activity is indicated on the Svalbard platform by stratal
thickness variations across regional lineaments and syn-
sedimentary collapse features in proximity to these (Steel and
Worsley, 1984; Nemec et al,, 1988; Onderdonk and Midtkandal,
2010). A shelf-edge setting have also been invoked to explain the
presence of the collapse features on the east coast of Spitsbergen
(Steel et al., 2000; Gjelberg and Steel, 2013). The region was heavily
influenced by differential uplift and magmatism related to the
opening of the Canada Basin in Late Jurassic to Early Cretaceous
times (Maher, 2001; Grantz et al,, 2011). In Svalbard, Franz Josef
Land, and nearby shelf areas, the magmatic activity peaked in the
Barremian to early Aptian (Corfu et al., 2013; Polteau et al, 2015)
with the development of circum-Arctic dyke swarms and local
volcanism (Grogan et al,, 2000; Senger et al., 2014, Fig. 2). Some
workers have also suggested a hot spot origin for the Canada Basin
as the Iceland hot spot transited the Polar region in the latest part of
the Early Cretaceous to Late Cretaceous {Lawver and Muller, 1994;
Lawver et al, 2002). In Svalbard, early Barremian uplift and
southward tilting of the shelf created a regionally-extensive sub-
aerial unconformity (Gjelberg and Steel, 1995, 2013; Maher, 2001).

The southwestern Barents Shelf is characterized by several N—§
to NE=SW-trending rift basins and structural highs belonging to
the Mesozoic North Atlantic rift system (e.g. Dalland, 1981, Dor¢
et al, 1999; Torsvik et al., 2002; Faleide et al., 1993, 2008, Fig. 2).

Although some minor fault displacement is evident in the middle
Jurassic, the main phase of extensional faulting took place in the
Early Cretaceous with a rift climax in the Hauterivian (Faleide et al.,
1993; Doré et al, 1999). In this period the rift basins experienced
significant subsidence resulting in thick successions of Lower
Cretaceous deposits (e.g. Faleide et al, 1993). The submerged
structural highs experienced sediment starvation, and condensed
carbonate successions developed locally (Smelror et al., 1998).
Compressional tectonics leading to inversion and vertical move-
ment of some structural elements also influenced the basin
development in the Early Cretaceous (Faleide et al, 1993:
Gabrielsen et al., 1997; Grogan et al., 1999; Indrevar et al., 2016),
particularly in the northeastern Barents Shelf, including Kong Karls
Land, where a series of SW—NE-trending anticlines formed and
locally controlled the palaco-drainage (CGrogan et al, 2000;
Kairanov et al,, 2015).

2.2. Onshore lithostratigraphy and depositional system

In Svalbard, the Adventdalen Group {(Parker, 1967, Fig. 3) is
subdivided into the Upper Jurassic Agardhfieller Formation
(not considered herein), and the Lower Cretaceous Rurikfjellet,
Helvetiafjellet and Carolinefjellet formations, which together form
anup to 2 km thick siliciclastic succession (Figs. 3 and 4; Market al.,
1999). The lower Rurikfjellet Formation (Valanginian—Hauterivian/
early Barremian) is shale-dominated and represents deposition on
an open marine shelf {(Wimanfjellet Member in Figs. 3 and 5). Thick
successions of gravity flow deposits occur locally in the Rurikfjellet
Formation (Braathen et al, 2012; informally referred to as the
Advenpynten member in Fig. 3, Fig. 5b and Fig. G). The base of the
formation is defined by a condensed glauconitic clay unit, the
Myklegardfjellet Bed, which formed during maximum flooding of
the shelf (Dypvik et al, 1992, Fig. 3). Recent studies have dated the
Myklegardfjellet Bed to be of earliest Valanginian age indicating the
presence of an uppermost Volgian to lower Ryazanian hiatus in the
immediate underlying strata (Wierzbowski et al., 2011; Koevoets
et al,, 2016, Fig. 3). This unconformity may be the onshore equiv-
alent to the similar-aged Base Cretaceous Unconformity (BCU in
Fig. 3; Lundin and Doré, 1997; Osmundsen and Ebbing, 2008)
recorded in several offshore basins on the Norwegian Continental
Shelf. The amount of siltstone and sandstone increases upwards in
the Rurikfjellet Formation (the Kikutodden Member in Fig. 3, Fig. 4b
and Fig. 5d), recording a gradual change from outer shelf to inner
shelf and shoreface environments possibly in response to uplift in
the north (Dypvik et al., 1991; Gjelberg and Steel, 1995). The base of
the unconformably overlying Helvetiafjellet Formation (Barre-
mian—early Aptian) is a regionally extensive subaerial unconfor-
mity of early Barremian age which formed during pealk uplift in the
north (Gjelberg and Steel, 1995, 2013; Maher, 2001, Figs. 3—6). The
uplift, which is linked to the opening of the Canada Basin, resulted
in a forced regression with sediment dispersal towards the SE
(Gjelberg and Steel, 1995; Midtkandal and Nystuen, 2009). Above
the basal boundary, the Helvetiafjellet Formation shows an overall
transgressive development, and consists of a lower sandstone-
dominated sheet-like unit deposited in a fluvial braidplain setting
(the Festningen Member in Fig. 3, Fig. 4c and Fig. 6), and an upper
heterolithic unit rich in thin coals and carbonaceous shales
deposited in paralic environments {the Glitrefjellet Member in
Figs. 3 and 6; Gjelberg and Steel, 1995; Midtkandal and Nystuen,
2009). At Kvalvagen, eastern Spitsbergen, the Glitrefjellet Mem-
ber includes three regressively stacked deltas immediately above
the fluvial sandstone sheet (Fig. 5e). The conformably overlying
Carolinefjellet Formation (early Aptian—Albian) was grossly
deposited in an open marine, storm-dominated shelf setting and
consists of alternating inner shelf sandstones and offshore
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Fig. 1. (A} Circum-Arctic map showing the location of the study area on the Barents Shelf {dashed rectangle} and some of the main tectonic features of the Arctic Basin. (8} Map of
the study area showing the main structural elements {based on Grogan et 21, 1999; Henriksen et al, 2011} and location of the investigated outcrops. and onshore and offshore well

data used in this study. The position of the seismic lines used in the study are shown in inser maps

the seismic S

5. (C) Map of Land in

Central Spitsbergen showing the location of some outcrop sections and onshore wells used in this study. Bathymetry data is Irom IBCAO {(hilp:/jwwwngdenoaagov/mge!

bathymetryjarcticidownloads.html).

mudstones {Nagy. 1970; Hurum et al, 2016, Figs. 3—6). The
boundary between the Helvetiafjellet and Carolinefjellet forma-
tions has traditionally been described as interfingering (Gjelberg
and Steel, 1995). However, the present study have demonstrated
that in most outcrop sections in Spitsbergen, a c¢. 10—30 m thick
black shale unit separate the two formations (FS in Figs. 4—6). The
shale is dated to be of an early Aptian age and interpreted as a
regional flooding event marking a return from paralic to open
marine shelf environments (Figs. 4-6). Recent carbon isotope
(813C) studies have also identified the early Aptian oceanic anoxic
cvent (OAE1a) within the shale unit (Midtkandal et al, 2016;
Vickers et al., 2016).

2.3. Offshore lithostratigraphy and depositional system

In the offshore basins, the Adventdalen Group encompass Val-
anginian to Cenomanian deposits (Fig. 3). For convenience, it will,
age-vise, be referred to as Lower Cretaceous for the remaining part
of this paper. The group shows major lateral changes in facies and
thickness, and in combination with poor data resolution, long dis-
tance correlations across basins that formed under various tectonic
regimes, and the lack of detailed age constraints, this has led to a
confusing lithostratigraphic nomenclature (Figs. 3 and 7). Although
the existing lithostratigraphic framework provides a good basis for

mapping at local basin scale, it does not facilitate a detailed un-
derstanding of the regional depositional history and palae-
geography. A more genetic approach is necessary, particularly
when it comes to correlation of the onshore and offshore deposi-
tional systems.

Offshore, the Adventdalen Group are generally confined by the
Base Cretaceous Unconformity (BCU) and the Upper Regional Un-
conformity (URU; Fig. 2). In some places though, depending on
degree of preservation, the Lower Cretaceous is overlain by thick
Upper Cretaceous (the Nygrunnen Group) and Paleogene (the
Sotbakken Group) strata (Worsley et al., 1988). The base of the
Upper Cretaceous Nygrunnen Group is characterized by a Tur-
onian—S i ‘mity which it from the un-
derlying Adventdalen Group. In some basins, the URU therefore
truncates Upper Cretaceous or Paleogene rather than Lower
Cretaccous strata {e.g. in the Hammerfest Basin; Solheim and
Kristoffersen, 1984; Worsley et al., 1988). Within the Lower Creta-
ceous of the Barents Sea, seven sequences {S0—S6) each separated
by flooding surfaces (K0—K5) have been identified by combining
well data, biostratigraphy and seismic data (Marin and Escalona,
2014; Marin et al, 2016a, Figs. 3 and 7). Fach sequence has a
duration of 5—10 Ma, conforming to third-order sequences. A
regional well correlation of the sequences are shown in Fig. 7
(7120{10-2, 7120/1-2 and 7321/7-1), and regional well-tied, two-
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dimensional seismic lines are shown in Fig. 8. This study only focus
on S$1-S3 (Figs. 3, 7 and 8), as SO only occur as sedimentary wedges
along the margin of the Hammerfest Basin {Marin et al., 2016a;
Sattar et al, 2017), and the younger sequences S4—S6 typically
show progradation from the NE towards the SW, the latter sug-
gesting a regional change in source area and palaco-drainage
(Bugge et al, 2002; Marin et al, 2016a). The investigated se-
quences are roughly correlated to the lithostratigraphic units in
Fig. 3, but for historical context a short review of the offshore
lithostratigraphy follows.

Offshore, the Adventdalen Group is subdivided into the Klippfisk
(late Berriasian—Hauterivian, locally early Barremian), Knurr (Val-
anginian—early Barremian), Kolje {early Barremian—early Aptian),
and Kolmule formations (Aptian—middle Cennomanian, Worsley
et al, 1988; Smelror et al. 1998, Fig. 3). Mus[ of [he offshore
strata are shale-domi d and was app. ly d. ited in open-
marine shelf environments (e.g. the Kolje Formation; Fig. 3).
However, sandstones of shallow marine and fan delta origin occur
locally in the Kolmule Formation in proximity to the Loppa High
(e.g. the 7120/6-3S Juksa, 7220/10-1 Salina and 7120/2-3S Skalle

wells; Fig. 1 for location). In addition, sandstone-dominated grav-
ity-flow deposits are known from the Knurr Formation, typically
occurring along basin-bounding faults {Seldal, 2005; Henriksen
et al, 2011; Marin et al, 2016a; Sattar et al, 2017, Fig. 3).
Condensed carbonates (i.e. glauconitic limestones and marls)
deposited during a regional transgression occur locally on the
platforms and highs, and is referred to as the Klippfisk Formation
(Smelror et al, 1998, Fig. 3). The unit is in part equivalent to the
Myklegardfjellet Bed on Spitsbergen (Dypvik et al,, 1992, Fig, 3). In
some areas, like the Bjarmeland Platform, the clinoforms described
in this study downlap onto the top surface of the Klippfisk For-
mation (Arhus et al., 1990, Fig. 3). The basal boundary of the for-
mation is defined by the BCU (Arhus et al., 1990; Lundin and Doré,
1997; Osmundsen and Ebbing, 2008), The unconformity which
spans from latest Volgian to earliest Valanginian in age is charac-
terized by an abrupt decrease in gamma ray response and increased
velocity upward from the underlying shale-dominated Upper
Jurassic Hekkingen Formation (Fig. 3). Its formation mechanisms is
poorly understood, but it may have formed in relation to regional
uplift resulting in a relative sea-level lowstand (Faleide et al., 1993),
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or alternatively as the result of a tsunami triggered during forma- (collective thickness of c. 2000 m; Fig. 6) and several outcrops
tion of the Mjelnir Impact crater (Rokoengen et al, 2005; see Fig. 2 (collective thickness 3500 m) together covering the entire extent
for crater location). of the Lower Cretaceous outcrop belt, including the southernmost

outcrop section in Serkapp Land (Keilhaufjellet section in Fig. 1b)

3. Data and methods and the inferred most proximal and northernmost section north of
Isfjorden { lya and sections in Fig. 1¢). Palae-

ocurrent data were obtained in all the visited outcrops and from
previous publications (e.g. Gjelberg and Steel, 1995; Midtkandal

and Nystuen, 2009). In addition, the gamma-ray log from three

3.1. Onshore data

The onshore data include logged sections from onshore wells
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exploration wells (7815/10-1 Colesbukta, 7816/12-1 Reindal-
spasset, and 7815/3-1 Ishpgda) have aided in regional correlations
between areas lacking good outcrops (Fig. 1¢ for location).

3.2. Offshore data

Two- and three-dimensional seismic and well data were pro-
vided by the Norwegian Petrobank database. The seismic data
covers an area of 100,000 km? {Fig. 1c). The quality of the seismic is
variable with general frequencies between 10 and 50 Hz; multiples
occur in some areas (Fig. 8). Vertical seismic resolution is in the
order of 20-30 m. The seismic quality and resolution restrict
interpretation in some areas, and low-relief clinoforms (<100 m),
for example, can only be identified in the frequency range of
27-50 Hz, The third-order sequence-bounding flooding surfaces
were defined on the basis of the gamma-ray well logs (Fig. 7) in
combination with reflector terminations (Fig. 8) according to the
nomenclature of Mitchum et al. (1977). The trajectory analysis
followed the principles outlined by Helland-Hansen and Hampson
(2009) and was performed on flattened seismic cross-sections
oriented close to the perpendicular direction of clinoform pro-
gradation. The lines used for this purpose were flattened on the
BCU, or on regional flooding surfaces in the topset or bottomset
segment of the investigated clinforms (Fig. 9). The BCU is

. indicaling variable degrees of incision and possibly

considered here to lack any significant relief on the platform areas
because a parallel continuous reflector interpreted to be a flooding
surface (Surface KO; Fig. 3) is generally observed to occur imme-
diately above it. An exception is along the margin of the Ham-
merfest Basin were the sedimentary wedges of SO occur and
separate the BCU from the overlying KO flooding surface.

Only the three most representative wells used for the definition
and correlation of the seismic sequences are shown herein {7120/
10-2, 712041-2 and 7321/7-1; Fig. 7), see Marin and Escalona (2014)
and Marin et al. (201Ga) for a complete well list. Because most of the
exploration wells with Lower Cretaceous core data specifically
targeted submarine fans of the Knurr Formation {e.g. 7019/1-1,
7120{1-2, 7120/10-2, 7122/2-1 and 7321/7-1}, no exploration wells
have to date have fully cored any of the clinoform packages.
However, some shallow stratigraphic wells penetrate parts of the
clinoform sequences; well 7231/1-U-1 penetrate what is inferred to
be the toeset of S2 in the Nordkapp Basin, whereas well 7231/4-U-1
penetrate parts of the topset of the same sequence. In the north-
ernmost part of the Bjernsya Basin, well 7320/3-U-1 probably
penetrates S1 where a 30 m thick coarsening upwards mudstone-
dominated unit of early Barremian age sharply overlies
condensed carbonates of the Klippfisk Formation {Arhus et al.,
1990). Core descriptions of the published shallow stratigraphic
wells 7230/5-U-9, 7231/1-U-1, 7320/3-U-1, 7430/10-U-1, and 7425/
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9-U-1 have been integrated in this study (Arhus et al, 1990; Arhus,
1991a; Smelror et al, 1998; Bugge et al, 2002; Langrock et al,
2003),

3.3. Biostratigraphic data

Palynological analysis (dinoflagellate cysts: dinocyst) were car-
ried out on altogether 101 sediment samples. From Svalbard, 72
samples were collected in both outcrops sections (Bohemanflya,

llet, Baugen, 1, Louiseberget, Ullaberget and
Schonrockfjcllet; Fig. 1h for location) and drill cores (wells Dh-1:
eight samples; Dh-2: 14 samples; Dh-5: 11 samples). From the
Barents Sea samples for palynological analysis were collected from
cored intervals of five wells (7019/1-1, 7120/1-2, 7120/2-2, 7121/5-
1 and 7121/5-2; Fig. 1c forlocation; Fig. 7 for well correlation of the
three first wells). Palynolagical slides were prepared at the
Geological Survey of Denmark and Greenland (GEUS) by conven-
tional processing techniques used for palynological preparation as
described by Nghr-Hansen (2012).

Additionally, 20 palynological slides from wells 7121/5-1 and
7121/5-2 were analyzed, These slides were prepared from ditch
cutting (DC} and sidewall core (SWC) samples. The slides from
these two wells were prepared by Statoil and were borrowed from
the Norwegian Petroleum Directorate (NPD). Slides have been
scanned in order to identify key species. For the uppermost Hau-
terivian to Albian strata, we have applied the dinocyst zonation of
Nahr-Hansen (1993) established for North-East Greenland. Most of
the analyzed samples contained age-diagnostic dinocysts

In the Olga Basin, shallow vibrocores containing Lower Creta-
ceous deposits have been described and biostratigraphically dated
by Antonsen et al. {1991). This data have been used for a pre-
liminary age assignment of the sequences in the northeastern part
of the study area.

4. Onshore depositional trends

The facies types in the onshore succession are thoroughly
documented in previous papers (e.g. Edwards, 1976: Merk, 1978;
Nemec et al. 1988; Dypvik et al. 1991; Nemec, 1992; Gjelberg
and Steel, 1995; Midtkandal et al., 2007; Midtkandal and Nystuen,
2009: Crundvig and Olaussen, 2017) and will not be reiterated in
detail here. However, the facies development and the spatial dis-
tribution of individual depositional elements going vertically from
the base of the Rurikfjellet Formation and upwards through the
Helvetiafjellet and Carolinefiellet formations are briefly summa-
rized as basis for a regional synthesis of the basin fill history and its
controls. The vertical facies development at three different loca-
tions are summarized in Fig. 4, and generalized sedimentary logs is
shown in Figs. 5 and G.

41, Depositional trends of the Rurikfjellet Formation

The basal unit of the Rurikfjellet Formation, the Myklegardfjellet
Bed, consists of an up to 10 m thick plastic clay unit rich in glau-
conite deposited during maximum flooding of the shelf. Recent
stratigraphic investigations indicate the presence of a significant
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hiatus in the strata i below the Mykl dfjellet Bed
(Wierzbowski et al,, 2011; Koevocets et al., 2016). A similar setting is
seen offshore where the base of the age- and lateral-equivalent to
the Myklegardfjellet Bed, the Klippfisk Formation, is defined by the
BCU (Arhus et al., 1990). Although some Upper Jurassic sandstone
wedges may have a northern source terrane, the Myklegardfjellet
marks the onset of a tectonically controlled regional regression
with sediments being derived from uplifted terranes north of
Svalbard. The lower Rurikfiellet Formation, the Wimanfjellet
Member, consists of mudstones deposited in an outer shelf setting
(Figs. 3-5 and Fig. 9a). The mudstones grade upwards into silt-
stones and very-fine grained sandstones deposited in an offshore
transition to lower shoreface setting (Fig. 3; Dypvik et al, 1991). In
the north central part of Spitsbergen the siltstones and sandstones

form shallowing upwards parasequences (sensu Van Wagoner et al.,
1990, Figs. 3, 5a and Fig. 6 and 9b). Individual parasequences are
10-50 m thick, and stacked units are separated by flooding sur-
faces. The source area for this system must have been located
N-NW of the present day outcrop belt as the parasequences are not
that well-developed in eastern, south-central, or southeastern
Spitsbergen (Figs. 3 and 5), reflecting proximal—distal trends and a
south to mainly southeastward prograding shoreline. In south-
ernmost Spitshergen, coarser-grained and more quartz-rich para-
sequences which generally show progradation towards the S—SE
occur (the Kikutodden Member; Figs. 3—5). Individual units are up
to 50 m thick and stack to form a 150 m thick sandstone-dominated
package (Edwards, 1976; Mark, 1978; Grundvag and Olaussen,
2017.; Fig. 4b and Tig. 5e). The parascquences are interpreted to
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accumulated in an offshore transition to lower shoreface setting on a shallow, open-marine shelf (location B, Fig. 1b).
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represent successively d-progradig tongues.

in a low-gradient braid-plain setting (Nemec, 1992;

The lack of backshore and coastal plain deposits in any of the par-
asequences indicate high rates of sediment accumulation relative to
the rates of relative sea-level change. The rapid basinward accretion
resulted in low-angle facies lines and limited accommodation space
for such deposits to accumulate. Alternatively, all backshore de-
posits got eroded during the intervening transgressions, or the sea
level at all times were too deep. In this regard, each parasequence
may represent an infralittoral prograding wedge (sensu Hernandez-
Molina et al,, 2000) that formed a subaqueous platform in front of
the actual shoreline, It is suggested here that these parasequences
had their source area to the west as similar units are not present
north of Fotografryggen in Wedel Jarlsberg Land (the Fo section in
Fig. 1). A potential source area could be Greenland, which was
located much closer to the western margin of the Barents Shelf and
Svalbard in the Early Cretaceous than at present (Fig. 2). In most
studied outcrops, a 5—30 m thick marine shale unit occur on top of
the uppermost sand-rich parasequence. This suggests an early
Barremian regional flooding event (possibly corresponding to sur-
face K1 offshore; Fig. 3) prior to the formation of the subaerial
unconformity at the base of the overlying Helvetiafjellet Formation
(Fig. 3).

4.2, Age of the Rurikfjellet Formation

Foraminiferal fauna reported from the basal Myklegardfjellet
Bed suggest predominantly an early Valanginian age for this unit,
but may also include the uppermost Ryazanian (Dypvik et al,, 1992;
Koevoets et al, 2016). The depositional break reported in the Upper
Jurassic Agardhfjeller Formartion underlying the Mylklegardfjellet
Bed spans the uppermost Volgian and lower Ryazanian
(Wierzbowski et al., 2011; Koevoets et al, 2016), and may thus
correlate to the BCU offshore (Fig. 3).

The dinocyst from the Rurikfjellet Formation were analysed in
three onshore wells (Dh-1, Dh-2 and Dh-5; Fig. 6) and in samples
from the Bohemanflya and Ullaberget outcrop sections. The pres-
ervation of dinocysts in the Rurikfjellet Formation is moderate to
poor and the assemblages are of low diversity. Based on the pres-
ence of the two most common dinocyst markers Endoscrinium
hauterivianum and Nelchinopsis kestromiensis the Rurikfjellet For-
mation is dated as late Valanginian to late Hauterivian (Fig. 10). Qur
result confirms the previous age assessment of Arhus (1992). Based
on the presence of Pseudocerativm anaphrissum specimens in the
Dh-5 well and in the Bohemanflya outcrop section, as well as
Dingodinium cerviculum, N tetracantha, Olig haeridium
complex, questionable Pseudoceratium anaphrissum and Subtili-
sphaera perlucida specimens in the Ullaberget outcrop section, the
uppermaost part of the Rurikfjellet Formation is tentatively assigned
an early Barremian age (Subzone 1(2); Figs. 3 and 10). A Barremian
age for the uppermost few meters of the formation have previously
been suggested by Grasfjeld (1992).

4.3, Depositional trends of the Helvetiafjeilet Formation

The base of the overall transgressive Helvetiafjellet Formation is
defined by a regionally-extensive subaerial unconformity that by
variable amounts cut down into the underlying strata (Nemec,
1992; Gjelberg and Steel, 1995, 2013; Midtkandal et al., 2008,
Figs. 3—6). For large parts of the outcrop belt, the unconformity
separates underlying marine shales from fluvial sandstones, and its
presence is a spectacular proof of forced regression as it represent a
major sediment bypass surface (Steel et al, 2000). The lower Hel-
vetiafjellet Formation, the Festningen Member (Figs. 3 and G),
consists of fine-to very coarse-grained pebbly sandstones and
conglomerates  with abundant cross-stratification  indicating

Gjelberg and Steel, 1995, Figs. 5, 6 and Fig. 9¢). The rivers were
generally transporting sediments in a southeastward direction
(Gjelberg and Steel, 1995; Midtkandal and Nystuen, 2009). How-
ever, in Kong Karls Land, eastern Svalbard, the fluvial system are
confined to topographic lows between SW—NE-trending anticlines
and a southwestward palaeo-drainage is evident. Local and abrupt
thickness-variations indicate that the lower part of the Festningen
Member was deposited in wide, and partly coalescing river valleys
that formed during shelf exposure in the early Barremian (Nemec,
1992; Midtkandal and Nystuen, 2009, Fig. 6). In some of the incised
river valleys, higher frequency relative sea-level fluctuations driven
by multiple episodes and variable rates of uplift, promoted intra-
valley incisions and the development of bay head deltas and es-
tuaries as evident at the Louiseberget and Ullaberget localities
(Gjelberg and Steel, 1995; Midtkandal et al., 2008, Fig. 5¢). The top
of the braid-plain unit represent an expansion surface which marks
the change from a low-accommodation setting controlled by the
incised valley topography to a high-accommodation setting char-
acterized by both increasing lateral and vertical accommodation
(Figs. 3 and 6). In many areas, particularly in eastern Spitsbergen,
this surface also represent a marine flooding surface where over-
lying deltas downlap onto it (Nemec et al,, 1988; Steel et al., 2000;
Onderdonk and Midtkandal, 2010, Fig. 5d). The upper Helve-
tiafjellet Formation, the Glitrefjellet Member, consists of variable
amounts of alternating mudstones, sandstones and thin coals
deposited in continental to paralic settings, including flood plain,
crevasse splay, tidally influenced distributary channels, and mouth
bar to interdistributary bay environments (Nemec, 1992; Gjelberg
and Steel, 1995; Midtkandal et al., 2007, Figs. 5, 6 and Fig. 9d—f).
In areas that was still affected by the incised valley-topography,
typically in central Spitsbergen, large tidal-dominated estuaries
formed (e.g. Gjelberg and Steel, 1995; Midtkandal and Nystuen,
2009, Fig. 5¢ and Fig. 9e). The marine influence generally in-
creases upwards, and the upper part of the unit include sediments
deposited in wave-influenced delta front and barrier environments
(Nemec et al, 1988; Nemec, 1992, Fig. 5d). The boundary to the
overlying Carolinefjellet Formation is marked by an abrupt
upward-deepening of facies from delta front or barrier sandstones
to offshore shale (Fig. 9g). The shale is typically 10—30 m thick and
represent a marine flooding surface of regional extent (Figs. 3-6).
Locally, a transgressive lag formed by wave-ravinement is also
present at the boundary (Fig. G).

4.4. Age of the Helvetiafjellet Formation

Within the Helvetiafjellet Formation, biostratigraphical analysis
were carried out on five samples from well Dh-2 and on 12 samples
from the Ullaberget outcrop section. The dinocyst preservation is
very poor and the diversity is low, and the samples are dominated
by terrestrially-derived particles (i.e. wood, pollen, spores and plant
membranes), in line with the continental to paralic and restricted
marine depositional setting of the formation {Gresfjeld, 1992;
Midtkandal et al., 2016). In well Dh-2, the presence of Odontochiting
nuda and P anaphrissum in the lower and middle part of the for-
mation indicates a possible early Barremian age (Subzone 1 (2);
Fig. 10). In the samples from the Ullaberget outcrops section, the co-
occurrence of Circulodinium aff. attadalicum sensu Nohr-Hansen
1993 (ranges from early Barremian to early Aptian, Nahr-Hansen,
1993), Muderongia australis (ranges from Hauterivian to early Bar-
remian; Arhus er al., 1990), Pseudoceratium anaphrissum and Stan-
fordella fastigiata (ranges from early Hauterivian to earliest late
Barremian; Nehr-Hansen, 1993) supports an early Barremian age
for the Helvetiafjellet Formation. Our data confirms dinocyst-
derived age estimates by previous studies (Grasfjeld, 1992) and
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Fig. 10. Ages for the |.ower Cretaceaus succession of Spitshergen and four of the se-
quenees (50-53] senset Marin ¢ al, (20164) of the SW Barems Shell referred 1o the
dinocyst zonation of Nuhe-Hansen (199% ), Dashed columns represent tenlalive ages.
Note Lhat ages Tor Subzones 17 and [ 2 are updated. Ages Tor the upper parl of the
Carolinefjellet Formation is hased on Hurum et al. (2016}, and ages for the lithos-
ratigraphic units of the Barents Sea is based on Dalland cf al. (1988

those recently provided by Midtkandal et al. (2016) and Sliwinska
ct al. (2016). The age is however slightly older than the U-Pb
dating (123.3 + 0.2 Ma) performed on a bentonite in the middle of
the formation in central Spitsbergen by Corfu ot al. (2013), How-
ever, an early Aptian age may be suggested for the uppermost part
of the formation based on the presence of Odontochiting nuda and

Pseudoceratiwm cf. retusum (Nehr-Hansen, 1993, Fig. 10). .

The dinocyst assemblage from the Helvetiafjellet Formation also
yields a significant amount of taxa characterized by a variety of
older ranges: Endoscrinium hauterivianum {range: early to earliest
late Hauterivian), Nelchinopsis kostromiensis (range: Valanginian to
Hauterivian or earliest Barremian), Tubotuberela sp. (resembles
Jurassic species) and Tubotuberelln apatela (range; Kimmeridgian to
earliest Valanginian). The presence of these species indicates major
reworking of older strata and is consistent with uplift and erosion
of the northwestern margin of the Barents Shelf in the Barremian.

45. Depositional trends of the Carofinefjeliet Formation

The lowermost part of the Carolinefijellet Formation, the Dalk-
jegla Member (Fig. 3), consists of the above-mentioned 10-30 m
thick shale package deposited in a restricted to open marine shelf
setting during marine flooding of the coastal plain of the underly-
ing Helvetiafjeller Formation (Figs. 4-6; Midtkandal et al,, 2016;
Vickers et al., 2016), The shale grade upwards into siltstones and
very fine-grained sandstones arranged into a heterolithic coars-
ening and shoaling upwards unit up to 15 m thick {Figs. 5 and G).
The succeeding part of the Dalkjegla Member forms an up to 100 m
sandstone-dominated succession that can be traced all across the
outcrop belt (Nagy, 1970, Figs. 4-6). Internally, this succession
contains  vertically stacked and commonly amalgamated
coarsening-upward parasequences {sensu Van Wagoner et al., 1990)
representing offshore transition to lower shoreface environments
of shoreline tongues that successively built out on to the shallow
shelf (Fig. 5). The predominance of hummocky cross-stratified
sandstones {Fig. 9h) and the marine trace-fossil assemblage
(mixed Skofithos and Cruziana Ichnofacies) suggests an open-
marine storm-dominated shelf {Fig. 5; Nagy, 1970; Maher et al,
2004). Locally, in west and north central Spitsbergen (the Fes-
tningen and Ramfjellet outcrop sections, Fig. 1¢), medium to coarse-
grained trough cross-stratified sandstones occur. These deposits
represent upper shoreface environments and thus indicate prox-
imal—distal trends and the possible presence of a shoreline N—NW
of the present day outcrop belt (Maher et al., 2004). In the upper
half of the Dalkjegla Member there is an overall retrogradational
stacking trend; parasequences gradually thins and becomes mare
heterolithic upwards toward the overlying shale-dominated Inn-
kjegla Member {Figs. 3, 5a and Fig. 5d, and Fig. 6; Nagy, 1970}, The
latter unit, which is several hundreds of meters thick, represent
deposition in a slightly deeper shelf setting {Fig. 5).

46. Age of the Carofinefjellet Formation

The regionally-cxtensive shale package at the base of the Car-
olinefjellet Formation (biostratigraphically studied at the Baugen,
Batsmannen, Keilhaufjellet and Louiseberget outcrop sectlons and
the Dh-2 well, Fig. 1¢) is of earliest Aptian age {dinocyst Zone 11 of
Nehr-Hansen, 1993, Fig. 10). Samples from the Keilhaufjellet
outcrop section (Fig. 1c¢ for location) yielded no datable paly-
nomorphs due to its proximity to the Paleogene fold-and-thrust
belt. The two most characteristic dinocysts in the other investi-
gated outcrop sections are Pseudoceratium cf. retusum (sensu Nohr
Hansen, 1993) and Odontochitina nuda. In the Dh-2 well, the
dinocyst assemblage yiclds additionally Subtilisphaera pertucide
and Muderengia pariata. Based on ammenites, the Dalkjegla
Member has previously been dated to Aptian, whereas the transi-
tionally overlying Innkjegla Member was dated late Aptian to early
Albian {Nagy, 1970).

The two youngest units of the Carolinefjellet Formation, the
Zillerberget and Schonrockfjellet members (Fig. 3), are of middle
Albian age (Fig. 10). The dinocyst analysis of the Zillerberget
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member performed by Arhus (1991b) were recently revised in
Hurum et al. (2016) who referred the unit to the dinocyst Zone 1V of
Nehr-Hansen (1993). The dinocyst assemblage of the Schonrockf-
jellet member suggest also a middle Albian age, confirming the
previous age assignment of Arhus (1991b). This age is inferred from
the presence of Chichaouadinium vestitum, Pseudoceratium poly-
morphum, Litosphaeridium arundum, Pseudoceratium expolitum and
Odontochiting  singhii. Furthermore, the upper part of the
Schonrockfjellet member belongs to Subzone IV (2) (Fig. 10), as
suggested by the common presence of Chichaouadinium vestium.

5. Offshore seismic sequences

Sequences 1-3 (51-53; Figs. 3 and 7) occur in the Hammerfest
Basin, the Fingerdjupet Subbasin (of the Bjarneya Basin), parts of
the Nordkapp Basin, and on the Bjarmeland Platform {Marin and
Escalona, 2014; Marin et al,, 2016a). Interpreted clinoforms gener-
ally show progradational trends towards the south (varies from SE
to SW). In the Fingerdjupet Subbasin, a more SE-directed pro-
gradational trend dominates. Note that S1—S2 are not present in
the southwestern part of the Nordkapp Basin, suggesting that they
never reached that far south. In the Nordkapp Basin, which is
known for its many salt diapirs, the constant thickness of 1 and 52
on both sides of most salt diapirs indicate that the salt was not
maoving at this time and did not form a barrier that prevented cli-
noform progradation (cf. Nilsen et al, 1995; Rojo et al, 2015). A
short characterization of S1-53 follows, and seismic lines showing
details of the clinoforms in these sequences are shown in Figs. 11
and 12, For more details, see Marin and Escalona (2014) and
Marin et al. (2016a, 2016b).

5.1. Sequence 1({51}

Sequence 1 display continuous parallel reflections of high to
medium amplitudes. In the Hammerfest Basin, thickness variations
in 51 are clearly controlled by normal faults as it is thicker in the
graben areas and thinner against the basin margins (Fig. 8b). The
top surface of $1 {Surface K1) has high amplitude and is interpreted
to be a flooding surface (Figs. 7 and 12). In §1, clinoforms occur in
the eastern part of the Nordkapp Basin, and southeastward pro-
grading clinoforms occur in the Fingerdjupet Subbasin and in the
western part of the Bjarmeland Platform (Figs. 11 and 12). In the
Nordkapp Basin, they have sigmoidal geometries with average
foreset angles of 1° (Figs. 11 and 12), reliefs increasing basinward
from 130 m to 400 m, and progradational direction towards the SW.
The clinoforms downlap either against the BCU or Surface KO. Low
seismic resolution in combination with the limited thickness of the
Knuit Formation on the Bjarmeland Platform and the Norsel High
{e.g. 7224[7-1: 30 m, 7224/6-1: 16 m, and 7226/11-1: 6 m), occa-
sionally makes it difficult to distinguish whether the clinoforms
downlap onto the BCU or Surface KO. On the Bjarmeland Platform,
the latter surface is represented by a condensed carbonate horizon
inferred to be the top of the Klippfisk Formation, which here, is
considered to be a lateral equivalent to SO in the Hammerfest Basin
(Fig. 3). The shelf-edge trajectory is ascending and topset de-
velopments are common, whereas bottomsets are poorly devel-
oped. The clinoforms in S1 are interpreted to be of a shelf-slope-
basin type, recording a shelf-margin that successively built into
deeper water. The sigmoidal clinoform geometries may point to
mudstone-prone foresets with thin sandstones only occurring in
the shelf topsets. The lack of bottomsets may indicate strong bot-
tom currents parallel to base-of-slope (e.g. Cattanco et al, 2007).

Clinoforms in the western part of the Bjarmeland Platform are
oblique parallel with reliefs of 35-60 m and steep foreset angles
with an average of 5-8° (Figs. 11 and 12). The clinoforms have high

seismic amplitude and descending trajectories, indicating sand-
prone foresets and high rates of accretion, respectively. It is sug-
gested that they represent a sand-dominated deltaic shoreline that
prograded rapidly to an outer shelf position (Figs. 11 and 12). Pro-
gradational wedges characterized by similarly steep and sand-
prone clinoforms occasionally form in front of high-supply,
storm-dominated shorelines (Hernindez-Molina et al, 2000). In
the southwestern part of the Fingerdjupet Subbasin, the clinoforms
are oblique to sigmoidal and their relief increase to 125-220 m
whereas their foreset angles are reduced to 1.5-5°. They typically
show flat to descending or low-angle ascending trajectories, and a
general basinward increase in seismic amplitude. These clinoforms
are therefore interpreted as a shelf-margin system that built
basinward aided by a relative sea-level fall. The clinoform geome-
tries suggests generally mudstone-prone foresets. However, steep
foresets, descending trajectories, and the local occurrence of bot-
tomsets, suggests that sediments periodically was bypassed down-
slope from the shelf and onto the basin floor.

Along the strike to the NE, the foreset angles of the clinoforms
gradually decrease, and in the western part of Bjarmeland Platform,
sigmoidal clinoforms with reliefs of 85—110 m and foreset angles
around 1° dominate. It is suggested that they formed laterally away
from to the main sediment source and may thus be dominated by
mudstone,

52, Age of S1

The distribution and the relative abundance of dinocysts within
S1 was studied in four wells 7120/1-2, 7120/2-2, 7121/5-1 and
7121/5-2. The presence of only sparse dinocyst assemblages in the
wells 7120{1-2 and 7120/2-2 gave a very broad age range, (ie. a
latest Ryazanian/Valanginian or younger, see Marin et al, 2016a).
The presence of Systematophora palmula and Lagenorhytis delicatula
indicate reworking of Ryazanian strata whereas the record of
Gonyaulacysta dualis and Paragonyaulacysta suggest reworking of
Kimmeridgian to Ryazanian strata. Moderately good preservation
and diversity of dinocyst in wells 7121/5-1 and 7121/5-2 narrow the
age of S1 significantly. The most characteristic dinocysts within S1
are: Batioladinium longicornutum, Stanfordella fasrigiata and
Muderongia simplex subsp. microperforata sensu Nohr-Hansen
(1993). The presence of Oligosphaeridium abaculum in the lower
part of the sequence suggests a Hauterivian age for this interval.
The middle and upper part of the sequence is referred to the lower
Barremian (Subzone 1 (2)), based on the occurrence of rare
P. anaphrissum. Therefore, S1 is suggested to be of a latest Val-
anginian/earliest Hauterivian to early Barremian age (Fig. 10).

5.3. Sequence 2 (52)

Reflections in $2 vary from parallel continuous with medium
amplitudes in the Hammerfest Basin to clinoforms that prograded
to the SW in the Nordkapp Basin (Figs. 8. 11¢c and Fig. 12c). The top
surface of the sequence (Surface K2) which show high to medium
amplitudes, is interpreted as a flooding surface (Figs. 1, 3 and
Fig. 12c). An erosional unconformity is present above the flooding
surface and locally cuts down into it. The unconformity are pene-
rrated in well 7231/04-U-01 and 7321/7-1 and have traditionally
defined the boundary between the Kolje and Kolmule formations
(Bugge et al., 2002, Figs. 3 and 7). The clinoforms typically downlap
onto the top surface of the underlying sequence (Surface K1;
Fig. 12¢) or onto the condensed limestones of the Klippfisk For-
mation, Smelror et al., 1998; Bugge et al., 2002; Fig. 3.

In the Nordkapp Basin a wedge-shaped clinoform package wi
a flat to descending trajectory occur on top of the low-angle
noforms of S1. These clinoforms have reliefs of 70-60 m, oblique

164



Paper 4

848 S.-A. Grurdvag et al. / Marine dnd Peirolewin Geology 86 (2017) 834-857

Fig. 1. Uninterpreted two-dimensional seismic profiles showing clinoform architectures in $1-53 {based on Marin and Escalona, 2014; Marin et al.. 2016a}. The profiles are
flattened an the BCU. For location of the profiles see Fig. 1b, and far interpretation of the profiles see Fig, 12.

parallel geometries and steep foreset angles with an average of
1.5—6%, all suggesting rapid progradation under relative sca-level
fall (Figs. 11 and 12),

54. Age of S2

Sequence 2 was studied in core and SWC samples from five wells

7019/1-1, 7120/1-2, 7120/2-2, 7121/5-1 and 7121/5-2, The upper of
the two samples from well 7019/1-1 yielded reworked Early to
Middle Jurassic dinocysts (Nannoc is gracilis, | i
pellucida and Nannoceratopsis ridingii). The most important Early
Cretaceous age diagnostic dinocysts observed within S2 are: Ato-
Ay - M s i

Circ

cerviculum,  Nyktericysta

vitrea, Odontochitina  operculata,
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s

Fig. 12. ion of the i seismic hown in Fig, 11. For location of the profiles see Fig. 1h.{A} Profile from the Nordkapp Basin through S1. Note the low
angle (¢ Tdeg:) and the extensive lengths of the foresets (>30 k). {8} Profile [rom the western Bjarmeland Platform through 51 showing steep-angled, oblique paralle] to sigmoidal
clinoforms. (C) Profile from the north central Bjarmeland Platform through S1. (D} Profile from the Olga Basin showing S1 clinoforms that migrated in a SE-ward direction from the
Svalbard Platform. (E) Profile from the Nordkapp Basin through S2. Note how the steep-angled $2 clinoforms downlap onto the K1 surface. {F} Composite profile from the area south
of the Nordiapp Basin showing the successive southward migration of 52, 53 and 54. Because of poor seismic quality in this area, internal reflections are difficulr to trace. Note the
SW-ward Lhinning of the sequences.
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Palaeoperidinium cretaceum, Pseudoceratium nudum, Pseudaceratiuim
cf. retusum, Vesperopsis longicornis and Vesperopsis mayi. The lower
part of S2 is tentatively dated from latest Barremian to early late
Aptian (ie. dinocyst Subzone I (3) to dinocyst Subzone 1II (1) of
Nohr-Hansen (1993), Fig. 10). The dinocyst assemblages from the
7120§2-2 well are less diverse, and the inferred age for the upper
part of 52 is late early Aptian to middle late Aptian (Fig. 10).

5.5. Sequence 3 (S3)

Reflectors in 3 varies from parallel continuous with medium
amplitude to chaotic. Where it is not truncated by the URU, the top
surface of S3 (Surface K3) is characterized by low amplitude in
some areas (e.g. the Hammerfest Basin) and is consequently diffi-
cult to map. It is, however, interpreted as a flooding surface because
younger sequences clearly downlap onto Surface K3. In the western
part of the Bjarmeland Platform, clinoforms with oblique parallel to
tangential geometries are observed to prograde to the SE (Figs. 11
and 12). In the Fingerdjupet Subbasin, clinoforms with reliefs of
40-65 m, foreset angles up to 11° and oblique tangential geome-
tries occur locally in association with basin bounding faults, These
clinoforms are bidirectional with dip directions from SE-NW and
from NW-SE.

In the Fingerdjupet Subbasin, the small-scale, steep-angled cli-
noforms with opposing dip-directions, suggests the presence of a
deltaic system with several protuberances that prograded towards
the SE and filled a local depocentre. The scale and local fault-
associated occurrence suggests that this system is not related to
the large-scale palaeo-drainage system investigated here, Thus, it is
speculated that these clinoforms formed in response to fault ac-
tivity along the northern margin of the Fingerdjupet Subbasin
(Marin et al., 2016b).

5.6. Age of S3

Dinocysts from 53 were studied on three DC and one SWC
samples from the 7121/5-1 well (interval between 1574.0 m and
1886.0 m). The most characteristic dinocysts for S3 are: Odontochi-
tina operculata, Palaeoperidinium cretaceum and Vesperopsis mayi.
The topmost sample (1589.0 m; DC) yields furthermore Leptodinium
cancellatum, Rhombodeila paucisping and Chichaouadinium vestitum.
If these species are considered in situ, then the upper part of $3 may
be referred to the dinocyst Subzone IlI (1) of Nahr-Hansen (1993
and dated to early middle Albian (Fig. 10). The lower and middle
parts of 53 yields also Dingodinium cerviculum. The last occurrence
of the species is considered a good marker for uppermost Aptian to
lowermost Albian (e.g. Nehr-Hansen, 1993, Fig. 10). The middle part
of the §3 (1775.0 m; SWC) yields Surculosphaeridium longifurcatuim.
The first occurrence of the species was dated to 111.16 Ma (Williams
et al., 2004), suggesting that this part of the sequence is not older
than early Albian. The base of 53 (1886.0 m; DC) yields also Circu-
lodinium brevispinosum. The last occurrence of the species in NE
Greenland is observed in the early Albian (Nehr-Hansen, 1993).
Based on these observations, a latest Aptian/earliest Albian to an
early middle Albian age is suggested for 53 (Fig. 10).

6. Discussion
6.1. Onshore—offshore age-correlations

Based on the biostratigraphy established in this study, it is clear
that the onshore system, age-vise, corresponds to Sequences 1-3 in
the offshore areas (Figs. 3 and 10). Detailed one to one
correlations are not possibly at present due to data limitations.
However, it is suggested that the Rurikfiellet Formation

(Valanginian—Hauterivian/lower Barremian) correlate to S1 (up-
permost Valanginian/Hauterivian—lower Barremian), the Helve-
tiafjellet Formation (lower Barremian—lower Aptian) and the
Dalkjegla and Innkjegla members of the Carolinefjellet Formation
(lower Aptian to upper Aptian) to S2 (uppermost Barremian—upper
Aptian), and the remaining part of the Carolinefjellet Formation
(Langstakken, Zillerberget and Schonrockfjellet members, upper
Aptian—middle Albian) to S3 {uppermost Aptian—lower/middle
Albian).

The lower Aptian flooding surface that separates the Helve-
tiafjellet and Carolinefjellet formations onshore (Figs. 3—6) may
thus not correlate to any of the sequence-bounding maximum
flooding surfaces offshore (i.e. Surface K2; Figs. 3 and 6). Seismic
resolution may have hampered its recognition offshore, but a minor
flooding surface have been reported in the Fingerdjupet Subbasin
(the stippled line that separates the Knurr and Kolje formations in
well 7321(7-1 in Fig. 7). Although topset truncations occur locally
within the offshore sequences, the lower Barremian subaerial un-
conformity at the base of the Helvetiafjellet Formation in Svalbard
have not been detected in seismic or well data offshore, This may
indicare that it is: 1) below seismic resolution, or 2] not present
south of Svalbard but instead is time-equivalent to a marine
correlative conformity surface offshore. Although a lower Barre-
mian unconformity is recognized at the base of the Kolje Formation
in large parts of the western Barents Shelf (Smelror et al., 1998;
Bugge et al., 2002), its relation to the onshore unconformity is
unclear. How much time the onshore unconformity represent is not
known. However, based on the occurrence of Barremian dinocysts
below and early Barremian dinocysts above the unconformity
(Gresfield, 1992, Fig. 10), it is suggested that the time of subaerial
exposure must have been less than two million years, This estimate
also seems likely when it is taken into consideration that the Bar-
remian stage only lasted for about five million years (Fig. 10).

In Svalbard, the amount of incision at the base of the Helve-
tiafjellet Formation ranges from some few to several tens of meters
(Figs. 3 and G), generally decreasing southward (Cjelberg and Steel,
1995, 2013). The latter reflects differential uplift and southward
tilting of the Svalbard Platform and the adjacent land areas (e.g. the
Lomonosov High, Fig. 2). The unconformity, however, is also pre-
sent in southernmost Spitsbergen (Edwards, 1976; Grundvag and
Olaussen, 2017) implying that the entire outcrop area at one
stage was subaerially exposed in the early Barremian (Figs. 3 and
13). The consequence of the exposure was a significant forced
regression with bypass of a considerable volume of eroded sedi-
ments towards the southeast (Cjelberg and Steel, 1995, 2013;
Midtkandal and Nystuen, 2009). The offshore areas south of
Spitsbergen was concurrently little affected by the uplift, and in
combination with deeper water and higher rates of subsidence,
subaerial exposure of the deeper shelf areas south of Svalbard was
prevented. These basinal areas instead offered accommodation
space and acted as depocentres for sediments eroded from the
uplifted shelf. This promoted rapid southward progradation of the
deltaic system (Fig. 13). Due to the lack of data between Svalbard
and the Fingerdjupet Subbasin, it is difficult to estimate the rate of
progradation for this large-scale system. Based on the age assign-
ment presented here (Fig. 10), it may be speculated that the upper
part of the Rurikfjellet Formation and the Barremian unconformity
in Svalbard, down-dip, correlates to the clinoforms of S1 in the
Fingerdjupet Subbasin.

Grab samples containing sandstones of similar petrographic
character to the ones in the Helvetiafjellet and the Carolinefjellet
formations have been described from the shallow banks 200 km
south of Spitsbergen (Edwards, 1975, Fig. 13). The sandstones were
suggested to be locally derived, and their distribution fits well with
the subcrop map shown in Fig. 13. Biostratigraphic studies of shale
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Fig. 13. Map showing minimum extent of the lower Barremian subacrial unconformity in Svalbard (hatched arcaj and the distribution of Upper Jurassic to Lower Cretaccous
subcrops on the Barents Shell. The map also summarizes onshore palaeocurrent directions (black arrows), ollshore clinoform migration directions (while arrows), and the final
shelf-break positions of §1-S3 (stippled lines annatated $1-$3). The final position of the 54 shelf-hrezk is also shown just to illustrate the progradational nature of the Lower
Cretaceous system. An adjacent shelf break is also inferred to have existed along the north sloping margin of the Finnmarl Platform (pink line). The clinoform migration directions
on the western Barents Shelf are based on Marin and Escalona (2014}, Marin et al. (20164}, and Kaivanov et al. (2015}, whereas the directions on the eastern side is based on
Kayukova el al. {2014). The onshore palaco-current data [rom Svalbard are based on Steel et al. (1978), Nemec (1992), Gjelberg and Steel {1995, 2013}, Midilandal and Nysiuen
(2009} and the present stdy. Onshore data from Greenland are based on Dypvik el al. (2002). According 1o models by Gjelberg and Steel (1995) and Stec! et al. {2000) a
shoreline marking the regressive—transgressive turn-around point of the onshore depositional system developed just south of Svalbard in the Barremian {marked "previously
inferred shoreling”). The map forms the framework for the regional shown in Fig. 14, (For of the references to colour in this figure
Jegend, the reader is referred Lo the web version of Lhis article.)
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Fig. 14. Palacogeographic reconstructions of the western Barents Shelf showing: (A} the earliest Valanginian at ¢. 139 Ma (] i Bed and 50) ized by sediment
starvation and the formation of carbonale platforms, (B} the Jatest Haulerivian at ¢. 132 Ma {upper part of Rurikfjellel Formation and $1) with shallow marine wedges locally
huilding out from a source area o the west {i.e. Greenland), (C) «ddle ro lanatc. 129 Ma (the Formation and 52] with a fluvio-deltaic system that was

forced southeastward following uplift and southward tilting of the shelf (which created the subzerial unconformity in Svalbard}, and (D} the latest Aptian at c. 114 Ma {the Car-
olinefjellet Formation and S2 to 53) when large parts of the platform was flooded. A seaway may have connected the Barents Shelf with the Canaca Basin in the latest Aptian to
carliest Albian, enabling cold, polar waler Lo invade the shallow shell.
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samples from the same data set (Bjzrke and Thusu, 1976) reveal a
mixture of non-age diagnostic, Jurassic, Cretaceous, and Palacogene
palynomorph assemblages. According to Bjzrke and Thusu (1976),
Oligosphaeridium complex occurred in several of the investigated
shale samples, partly resembling the Valanginian to Hauterivian
dinocyst assemblage described in the Rurikfjellet Formation in the
present study (Fig. 10).

6.2, Regional palaeogeography and depositional controls

Three primary source areas are suggested to have provided
sediments to $1-S3 (Valanginian—lower middle Albian; Fig. 14).
The most important one during the carliest stages of the shelf-
margin accretion (S1) was located to the W and NW (Fig. 14a and
b). This is indicated by the presence of the two S- and SE-ward
thinning, shallow marine wedges in the upper part of the Rur-
ikfjellet Formation {Figs. 3 and 14b). In addition, SE-ward directed
clinoforms with steep foresets, descending trajectories, and high
amplitude foresets occur in the Fingerdjupet Subbasin (Figs. 12 and
13). As a result of differential uplift, the NW source area became
increasingly important during the earliest Barremian and deposi-
tion of 52 and the Helvetiafjellet Formation (Fig. 14c). This is indi-
cated by the presence of SE-ward directed oblique clinoforms in the
Fingerdjupet Subbasin. The progradation direction coincides with
the SE-oriented palacocurrents reported in the fluvial Festningen
Member of the Helvetiafjellet Formation on Spitsbergen (Steel
et al, 1978; Gjelberg and Steel, 1995; Midtkandal and Nystuen,
2009, Fig. 13). A less important source area was located NE of the
Barents Shelf. In this region, including Kong Karls Land and the Olga
Basin, NE—SW-striking folds controlled the sediment dispersal by
funneling the fluvio-deltaic system in a SW-ward direction
(Kairanov et al., 2015). The folds were the result of pre-Barremian
inversion of older Palacozoic rift basins. In the Valanginian to
Hauterivian, the northeastern source area had little influence on
sedimentation in Spitsbergen and the western Barents Shelf area
(Fig. 14a and b). Due to increased volcanic activity (e.g. extruded
basaltic lava flows in Kong Karls Land) and thermal doming in the
late Barremian and Aptian, it apparently became more important
(Fig. 14c). In eastern Svalbard, this change is seen by an upwards
change from quartzitic sandstones in the lower part of the Helve-
tiafjellet Formation to volcanic arenites in its upper parts and in the
overlying Carolinefjellet Formation (Edwards, 1979; Maher et al,
2004). In addition, SW-ward directed clinoforms occur in S3.
Uplifted terrain on the Loppa High and the Finnmark Platform
locally fed fan deltas along on the basin margins, as well as sub-
marine fans in the adjacent basins (e.g. the Hammerfest Basin;
Seldal, 2005; Sattar et al., 2017, Fig. 14). However, these localized
sediment source areas played a more important role during depo-
sition of Sequence 0 (Fig. 14a; not discussed here).

The lower Barremian subaerial unconformity at the base of the
Helvetiafjellet Formation occur in all the investigated outcrops
(Figs. 5, 6 and 13). Based on the present day areal extent of the
unconformity in Spitsbergen (c. 14000 km?; Fig. 13), it becomes
clear that uplift of Svalbard itself could not have contributed with
enough sediments to account for the thickness and the volume of
the Lower Cretaceous succession reported in the western Barents
Shelf. It may therefore be speculated that the northern margin of
the Barents Shelf, the Lomonsov High, NE Greenland, and other
Arctic terranes such as the Chukchi Borderland and the dis-
integrated Crockerland of Embry (1992) together formed a large
source area to the north and northwest of Svalbard prior to the
opening of the Canada Basin (Fig. 2; e.g. Miller et al., 2006). Other
terranes in the E and NE such as uplifted parts of the Kara Shelf,
remnants of the Late Palaeozoic—Triassic Taimyr Foldbelt and the
Siberian Traps (Zhang et al., 2013), and the more distant South

Anyui Orogen (Nikishin et al., 2014), probably became increasingly
important source areas during deposition of the younger sequences
(54-56).

In the Nordkapp Basin, the depocentre was systematically dis-
placed towards the SW (Fig. 14; Bugge et al., 2002), and the final
shelf-break for the investigated system ($1-53) developed just
south of the Nordkapp Basin (Figs. 13 and 14). The regional-scale
drowning of the shelf in late Aptian to earliest Albian times may
relate to a combination of several factors including circum-Arctic
plate-tectonic reconfiguration, regional sag-like subsidence
related to thermal cooling of the lithosphere, abrupt shut-down of
sediment supply leading to relative sea-level rise due to delta top
subsidence and compaction, eustatic sea-level rise, auto-retreat
mechanisms, or a combination of all these factors. However, the
regional extent of the flooding as well as the switch to a more
eastern to northeastern source terrain in the younger and suc-
ceeding sequences (S4—S6; Marin and Escalona, 2014) suggests
that large-scale tectonics had a major influence on the sequence
development and clinoform accretion. Allogenic forcing is also
supported by the dramatic height increase of the clinoforms from
less than 130 m in $1 to more than 500 m in $4 (not considered
here, see Marin et al, 2016a). This may indicate either an increase in
basin subsidence due to fault activity or salt tectonics, or that the
clinoforms prograded into a deeper area of the Nordkapp Basin.

6.3. Sediment partitioning and sand distribution

The low-amplitude reflections observed in the foresets of the
majority of the larger-scale clinoforms (relief >150 m) in $1-53
may indicate that they are generally mudstone-dominated. This
notion is also confirmed by the gamma ray logs from the many
exploration wells that have penetrated the Lower Cretaceous suc-
cession in the SW Barents Sea. The apparent lack of sandstone in
the SW therefore suggests that most of the sand was trapped in the
northern and northwestern areas of the shelfl. Sand-grade sedi-
ments were mostly stored in the clinoform topsets in coastal plain,
regressive shoreline, and inner shelf environments, particularly
during periods of relative rise of sea-level. Onshore, this is clearly
demonstrated by the large amount of sandstone in the upper part of
the overall transgressive Helvetiafjellet Formation (the Glitrefjellet
Member, Figs. 3-6). The sediment partitioning may also reflect
proximal to distal trends, which are typical for graded shelf systems
(Swift and Thorne, 1991), or physiographic and hydrodynamic
conditions in the basin (Helland-Hansen and Hampson, 2009).
Although the successive migration of deltas and shorelines across
the shelf is the main mechanism of transporting sediments to the
shelf-edge, storms play a major role in offshore sediment transport
on many shelves by eroding sediments that aggrade above the shelf
equilibrium profile (Seilacher, 1982; Pratson et al., 2004). Storm-
eraded sediments, particularly mud, may be driven across a low-
gradient sloping shelf under the combined influence of gravity
and storm waves (Traykovski et al, 2000; Wright et al., 2001;
MacQuaker et al, 2010). In addition, storms indirectly may aid
highly concentrated suspended fluid muds to escape the energy
fence of the inner shelf through, storm-modified hyperpycnal flows
(Myrow et al., 2002; Pattison, 2005) and offshore flushing of es-
tuaries and prodelta environments during river floods {Neill and
Allison, 2005) The combined result of these processes is a net
basinward transport of mud across the shelf and onto the upper
slope where instability and gravity-driven processes dominate,
Thus, in some modern deltas, a mud-prone shoreline-detached
subaqueous platform tend to form in front of the subaerial delta
(Alexander et al., 1991; Swenson et al., 2005; Patruno et al., 2015).
The rollover-point of such subaqueous deltas are in some modern
cases separated from its shoreline by more than 100 km (Swenson
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et al,, 2005; Patruno et 2015). It has also been reported that
some modern subaqueous deltas may show higher accretion rates
than its associated shoreline, which in some extreme cases expe-
rience net erosion (e.g. Nittrouer et al, 1996). Accretion rates of
12-17 m per year have been reported from the subaqueous delta of
the Ganges-Brahmaputra (Michels et al., 1998). Good examples of
modern subaqueous deltas include those of the western Adriatic
Shelf (Cattaneo et al., 2003, 2007), the Gulf of Papua (Walsh et al,
2004), the South Yellow Sea (Yang and Liu, 2007), and the Bay of
Bengal (Kuehl et al., 2005).

It may be speculated that sigmoidal-shaped, low-angle clino-
forms in S1 in the Nordkapp Basin and on the Bjarmeland Platform,
represent subaqueous delta-type clinforms similar to those
described above. However, to our current knowledge, subaqueus
deltas are more typical of relative sea-level stillstands and most
Holocene examples occur in inner shelf settings at relatively
shallow waters (Patiuno et al, 2015). The clinoforms investigated
here (see also Marin et al, 2016a), both in size and geometries
(Fig. 12), more resemble prograding shelf-prism-scale clinoforms
(Patruno et al, 2015). Shelf-prism-type clinoforms commonly have
paralic to shallow marine topsets, and good reservoir sands may
thus be expected in these segments. Although turbidite lobes and
mass transport complexes occur in places, the sandstone content in
the clinoform slope and toe-sets are expected to be generally low.
However, given the right conditions (i.e. mode and rate of sediment
supply, shelf width, relative sea-level etc.; Steel et al, 2000), good
reservoir sands may also occur in the slope to basin floor region of
some clinoforms. The inner shelfin the present case was most likely
a zone of limited accommodation space; the eroded volume of
sediments that was shed of from the uplifted Svalbard platform
could not be stored on the shallow inner shelf. The large amount of
bypassed sediments in combination with available lateral accom-
modation space ultimately gave rise to prograding clinoform suc-
cessions further offshore. .

In Svalbard, tempestite deposits dominated by hummocky
cross-stratification occur in both the Rurikfjellet and Carolinefjellet
formations and indicate that the shelf sea frequently experienced
storm activity. Apparently, strong longshore currents and tidal
currents also influenced the sediment distribution on the shelf
(Birkenmajer, 1966; Maher et al., 2004), Tidal deposits in estuarine
and coastal plain settings occur in the overall transgressive Hel-
vetiafjellet Formation at several locations in central Spitsbergen
(Gjelberg and Steel, 1995; Midtkandal and Nystuen, 2009),
including in some of the inferred most proximal outcrop sections
(e.g. at the Festningen section, Fig. 1). Due to the low angle of the
coastal plain, tidal currents could penetrate several tens to hun-
dreds of kilometers upstream, similar to that reported from some
modern rivers that drain low-angle coastal plains (e.g. the Mis-
sissippi River; Holle, 1951; the Orinoco River and its predecessor,
Escalona and Mann, 2006). This suggests that tidal currents in
combination with frequent storm activity, and strong longshore
currents periodically played a major role in the sediment distri-
bution in the Svalbard area by trapping sand-grade sediments
within estuaries, deltas, and distributary channels, particularly
during the long-term rise in relative sea-level that followed the
forced regression in the early Barremian,

Smaller-scale (relief <70 m) clinoforms with steep-angled
foresets (up to eight degrees dip), typically characterized by high
amplitude reflections, occur in the proximity of faults or along the
margin of some palaeo-highs {e.g. $3 in the northern part of the
Fingerdjupet Subbasin). These clinoforms represent more localized,
and potentially sand-rich deltaic/shallow marine systems that were
not genetically or directly related to the large-scale palaco-drainage
system discussed here. The different systems did however interact
in the areas were they met (Marin and Escalona, 2014). The

sandstone-dominated shallow marine parasequences in the Kiku-
todden Member of the Rurikfjellet Formation in southernmost
Spitsbergen (Edwards, 1976; Mark, 1978, Figs. 4 and 5e) may
represent an onshore facies analog to these inferred sand-rich cli-
noforms in the Fingerdjupet Subbasin (Crundvag and Olaussen,
2017). Based on the onshore dip-extent of the onshore para-
sequences (from Kikutodden to Fotografryggen, minimum 70 km,
see Fig. 1) and their limited lateral facies variation across southern
Spitsbergen (c.f. Edwards, 1976; Mark, 1978), it is suggested that
they probably extended several tens of kilometers southward
(offshore) before they terminated (Grundvag and Olaussen, 2017).

6.4. Lower Cretaceous clinoforms onshore?

Although Steel et al. (2000) interpreted the presence of a canyon
head in a shelf-edge setting at Kvalvigen in eastern Spitsbergen
(later disputed by Onderdonk and Midtkandal, 2010), shelf-margin-
scale clinoforms or facies indicative of such features have not been
reported from the Lower Cretaceous in Svalbard. However, the low-
angle nature and the large size of the clinoforms in combination
with outcrop limitations may have hindered their recognition.
Some of the mudstone-prone, low-angle clinforms in the offshore
areas have dip-angles of less than one degree, and slope lengths of
more than 30-40 km (Fig. 8). If clinoforms occur onshore, their
slope segment could easily be hidden in the shale-dominated and
commonly scree-covered Rurikfjellet Formation which has an
average thickness of 200 m but reaches a thickness of 400 m in
places (Figs. 3—5). In general, the topset of these inferred low-angle
clinoforms could have been eroded during formation of the lower
Barremian subaerial unconformity at the base of the Helveriafjellet
Formation, creating a subtle toplap situation, which is difficult, not
say impossible to recognize in an outcrop.

A c. 150 m thick succession of gravity flow deposits which
include rafted blocks of coastal plain origin has been reported from
the onshore wells Dh-1 and Dh-2 (Braathen et al, 2012, Fig. 5a and
Fig. 6). Recent dinocyst studies indicate an early late Hauterivian
age for these sediments (Sliwiniska et al, 2016, Fig. 6). Although
gravity flow deposits occur in large slump scars in slightly younger
strata, as reported from eastern Spitsbergen by Nemec et al. (1 )]
and Steel et al. (2000), similar deposits have not been encountered
in any of the other investigated outcrop sections in Svalbard. The
gravity flow deposits is overlain by a clearly regressive prodelta to
delta front package (Fig. 5a), and the thickness of the deposits also
indicates that there must have been enough relief in the area to
accommeodate such a succession and to allow for the initiation of
turbidity currents and debris flows. An explanation for the thick-
ness of the gravity flow deposits and their localized occurrence is
that they represent lower slope to basin floor fans and mass
transport complexes (MTCs) that accumulated in front of pro-
grading and periodically unstable shelf-prism-scale clinforms.
High-amplitude anomalies, probably also representing MTCs, are
seen in the lower slope segment of several of the offshore se-
quences (e.g. Figs. 11 and 12). The late Hauterivian age of the MTC
onshore, potentially highlight the inferred offlapping nature of the
Lower Cretaceous system as it predates the lower Barremian un-
conformity and the Helvetiafjellet Formation, and thus record a
hitherto unknown regression and shelf-edge development in
Svalbard.

7. Conclusions

By combining new biostratigraphic data with conventional
outcrop data from Svalbard and a sequence stratigraphic frame-
work defined from well and seismic data offshore, this study shed
new light on the palaegeographic development of the Lower
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Cretaceous in the northwestern part of the Barents Shelf. It is
suggested that three offshore sequences ($1-53) of latest Val-
anginian—earliest middle Albian age correspond and correlate to
the Lower Cretaceous succession onshore Svalbard, which includes
the Rurikfjellet (Valanginian—Hauterivianfearly Barremian), Hel-
vetiafjellet (early Barremian—early Aptian) and Carolinefjellet for-
mations {early Aptian in its lower part, middle Albian in its upper
part). Clinoforms within the offshore sequences generally show a
south to southeastward progradation-direction, a trend which co-
incides with palacocurrent directions in both the Rurikfjellet and
Helvetiafjellet formations onshore. This strongly indicates that the
onshore and the offshore depositional systems were parts of the
same large-scale palaco-drainage system. The presence of a
regionally extensive subaerial unconformity onshore Spitsbergen
indicates that the entire northwestern part of the shelf were
uplifted and acted as a bypass zone during the early Barremian. The
presence of Barremian dinocyts in the strata above and immedi-
ately below the unconformity further suggests a minor hiatus and
that the shelf was exposed for only a relatively short period of time
(<2 million years). Sediments eroded from the exposed shelf were
forced southeastward and deposited in basinal areas where the
amount of accommodation space were higher. High rates of sedi
ment supply in combination with the low-gradient ramp setting
and the lack of vertical accommodation space on the shallow inner
shelf promoted basinward clinoform accretion. The apparent lack of
sand in the slope and basin floor segment of the majority of the
shelf-prism-scale clinoforms (relief >150 m) may relate to the
physiographic conditions in the receiving basin (storm waves,
along-shore currents plus strong tidal currents) resulting in a net
basinward transport of mud. Apparently, sand was mostly trapped
in paralic to inner shelf environments in the clinoform topsets. .
Smaller scale (relief <60 m) clinoforms with steep foresets (up to 8
dip) characterized by high amplitude reflections represent local-
ized, and potentially sand-rich systems that interacted with the
larger-scale clinoform systems. Due to outcrop limitations, clino-
form geometries at the scale of shelf-prism are yet to be recognized
onshore, However, based on the large scale {minimum slope
lengths of 30-40 km) and low-angle geometries (foreset
dips < 1deg;) of some of the offshore clinoforms, it is speculated
that clinoforms may be present in the up to 400 m thick Rurikfjellet
Formation (Valanginan—Hauterivian/early Barremian). This may be
evident by the occurrence of a 150 m thick succession of gravity
flow deposits (including rafted blocks of coastal plain origin)
overlain by a regressive prodelta slope to delta front package in the
Rurikfjellet Formation in some of the onshore wells. The thickness
of these deposits indicate that there must have been enough relief
in the basin to accommodate such a succession and to allow for the
initiation of turbidity currents and debris flows, We thus interpret
the gravity flow deposits to represent lower slope to basin floor fans
and mass transport complexes that accreted in front of a prograding
shelf-slope system. The documented late Hauterivian age of the
gravity flow deposits potentially highlights the inferred offlapping
nature of the Lower Cretaceous system as they predate the lower
Barremian unconformity, and thus record a hitherto unknown
regression in Svalbard.
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ABSTRACT

Sedimentological models for rift shoulders have poorly documented the cffect of adjacent fault systems on
drainage parterns. In this study we investigate the Loppa High, an ancient tlted rift shoulder located in the
southwesiern Barents Sea. We use seismic and well data, sedimentelogical log descriptions, and bicsiraligraphic
information to undersiand the drainage palicrns and the Tarly Cretacesus geological history of the Loppa High.
This study provides an cxample of how the drainage systems in low-gradient flanks of a rift shoulder can be
modilied and conflned by normal faults oceurring almost orthogonal to the main fault system. These orthogonal
faults might have acted as preferential sediment routes. 1hus, patential depasits of the main drainage systems
directed to the low gradient flank are found almest exclusively associated with grabens formed due to these
orthogonal faults, The Farly Gretaceous cvolution of the Lappa [ligh is summarized as follow: 1) during the
Boreal Berriasian/Volgian w carly Barremian, the Asterias and the Bjprneyrenna fault complexes were active,
Diachronous shallow to eventually deep-marine fans and incised valleys were developed aleng the southern and
western flanks of the Logpa High: 2) late Barremian-Aptian faull activity 1s interpreted along the Ringvassoy
Lappa Fault Complex. A sceond generation of incised valleys and their related shallow-marine fans were formed
in Lhe western flank of the Loppa High; and 3} during late Aplian—carly Albian the Loppa High and the
IHammerfest Basin were tilted eastwards. The latter event mriggered a switch in depocenter location and de-
velopment of shelf-margin elinoforms downlapping in close proximity 1o the easter flank of the high

1. Intreduct

Uplifted rift shoulders are a major factor controlling the filling of rift
basins (Steckler and Omar, 1994; Lambiase and Bosworth, 1995; Allen
and Densmore, 2000; Gawthorpe and Leeder, 2000; Withjack et al.,
2002; Leppard and Gawthorpe, 2006; Armitage et al, 2011). They
usually have high gradicnt slopes towards the master fault and low
gradient slopes away from the master faults, resembling large scale
tilted blocks (Frostick and Reid, 1989; van Balen ot al., 1995; Bosence,
1998). Iligh gradicnt slopes arc characterized by incised valleys, and
back-stepping or aggradational fans (Ravnds and Steel, 1998; 0'Grady
cf al., 2000; Densmorc ct al., 2007; Iladler-Jacobsen ct al., 2005). In
contrast, the development of incised valleys in low gradient slopes
less pronounced, and fans tend to be progradationally-stacked,
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sm (. Marin), slejandro.e
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onaguis.ne (A, Escalena). sten and

indicating the development of deltas or shorelines (Ravnis and Steel,
1998; O'Grady <t al.. 2000; Densmore et al., 2007; Hadler-Jacobsen
et al., 2005). Drainage evolution on rift shoulders and the time varia-
tion of its deposits depend on several factars including among others:
climate, lithology and thickness of the bedrock, morphology and gra-
dient of the high and its flanks, vaviation in fault propagation and slip
rate, selective reactivation of faults, pre-cxisting drainage, structures,
and topography (Frostick and Reid, 1989; Leeder et al., 1991; Steckler
and Omar, 1994; Lambiase and Bosworth, 1995; Ravnds and Steel,
1998; Gawthorpe and Leeder, 2000; Sklar and Die 2001; Sharp
er al, 2000; Leppard and Gawthorpe, 2006; Densmore et al., 2007;
Mortimer and Carrapa, 2007; McArthur ct al., 2013; llenstra et al.,
2017; Ford et al., 2016; Gawthorpe et al, 2017). Current drainage
systems in large-seale tilted rift shoulders have been studied in the Red

rundvegeonitne (5.-A Grandwégy, hohizens dk (H. Nohr-Hansen).

ed 20 November 2017; Received in revised form 27 March 2018; Accephed 11 April 2018

176



Paper 5

D. Marin et al. Murinz and Petralenm Geology 94 (2018) 212 423
lil'E 20" 22:5 1"‘" !B" —— Berriasian-Valanginian (S0)
74" N ZIT v N = Hauterivian-Barremian (S1)
Fingerdjupet \ Aptian (52)
/ Subbasin —— ealy Albian ($3)
Fa ‘ / 1 ~—— Albian (54)
. / ’ —— latest Albian-Cenomanian (s5-56)
73217y @
{ Faults Lower Cretaceous wedges
Bjprnaya )~ 1 Jgrgensen (2014);
Basin / X e 2Field (2014)
NPD, 2017
73N \ .
| Bjorneyrenna 20seismic [ 30D seismic
!
Fault Comple; Lonea eh
W ¢ i e we wE WE wE W e
“7120/5-2 o ! éﬁ? 7 -
A9 4
'\ ./ ard )
. [l / —_—
/ Subplatfor y [
2N ; }%zzofmr s Al
h ‘s[gr\aﬂ'.c% i
_ ; rerie?
/) —:ﬁf%%
Tromsg Hammerfest T
Basin Basin
/
/' Ringvassoy-Loppa =
Fault Complex
71°N+ .
i

T T
18°E 20°E 2E uE

26°E

Fig. 1. Location map with the main structural elements and the dataset used in this study, The map also shows the different types of Lower Cretaccous wedges

previously identified in the study arca (Marln et al., 2017a, 2017b; Jorgen:

14; Ejeld, 2014). Dashed lines represent the clinoform rollover points and black

arrows indicatc their progradation dircetion. Continavs lincs represent wedges associated wilh scarps. The colors of ihe lines represent the seven sequences used in

(his study 0-6). (For interpretation of the
Sea and Gulf of Aden (Frostick and Reid, 1989). Tn these areas, the main
drainage system is directed rowards the low gradient slope and away
from the master faults (Frostick and Reid. 1989; Bosence, 1998). The
drainage direcred towards the rifted basin usually has a smaller length,
beside some particular rivers where the rate of erosion keeps the uplift
rate (Frostick and Reid, 1989; Bosence, 1998; Leppard and Gawthorpe,
2006).

Rift shoulders can be complex structures affected by two or more
adjacent fault systems, ‘These fault systems can rejuvenate the topo-
graphy periodically and preferentially in certain areas of the high and
affect the drainage patterns (Lambiase and Bosworth, 1995; Bosence,
1998; Marin cr al,, 2017a). Rift shoulders affeeted by adjacent fault
systems are rarely preserved in the geological record. An example of an
ancicnt uplifted rift shoulder affected by adjacent fault systems is the
Loppa Migh, located in the southwestern Barvents Sea (Fig. 1). The
southern and the western flanks of the Loppa High weee affeeted by a
Late Jurassic—Early Cretaceous rift event (Sund et al., 1986; Berglund
et al., 1986; Wood et al., 1989; Faleide et al., 1993). This rift event
controlled the geometry of the high, which is characterized by a series
of terraces and fault scarps in its western and southwestern flanks and
gentle slopes in its castern and southeastern flanks, giving the aspect of
a large-scale tilted block {Fig. 2) (Wood et al., 1989; Gabrielsen et al.,
1990}, Lower Cretaceous syn-to postrift clastic wedges occur in the
southern and western flanks of the Loppa [ligh and have been targeted
in several petroleum exploration campaigns (Seldal, 2005; Knutsen
000; Sandvik, 2014; Jorgensen, 2014; NPD, 2017; Blaich ct al.,
0 et al., 2017a), Lower Barremian SE-prograding clinoforms
and Aptian to ?mid-Cenomanian SW-prograding clinoforms have been
deseribed in the neighboring Fingerdjupet Subbasin and in the

2017; M

1o color in his figure legend, the reader is referred w the Welb version of this article.)

Bjarmeland  Platforin  respectively {Fig. 1) (Glarstad-Clark, 2011;
Dahlberg, 2014; Dimitriou, 2014; Hinna ct al, 2016; Marin et al,
2017b: Serck et al.. 2017). These clinoforms prograded toward the
Loppa High, suggesting that the Loppa High was tilted to the north and
cast during the Harly Cretaceous (Figs. 1 and 2).

Due to the amount of seismic and well data available, the flanks of
the Loppa Lligh are an cxccllent laboratory to study drainage pattern
evolution in rift shoulders affected by fault systems in adjacent basins
(c.g. the Hammerfest, ‘Tromss and Bjsrnpya basins and the Swacn
Graben), Additionally, the size of the Loppa Iligh (approx.
90 km > 175 km} contributes to the nnderstandling of the evolution of
drainage systems in large uplifted rift shoulders, which can complement
previous models that have been mainly created for local uplifted blocks
(c.g. Allen and Densmore, 20005 Densmore et al., 2007; Armitage et al.,
2011).

We study the effect of rift-related tectonic rearrangements on sedi-
mentary systems on the flanks of the Loppa 1ligh. The main objectives
are to: 1) provide an age control for the wedges deposited in the wes-
tern flank of the Loppa Lligh: 2) document and interpret the seismic
facies in the western flank of the Loppa High within a sequence stra-
tigraphic framewaork {the interpretations are aided by scdimentological
log descriptions of well 7220/10-1); 3) describe the tectono-strati-
graphic relationship of previously decumented Lower Cretaceous
clinoforms with the northern and eastern flanks of the Loppa Iligh: and
4) integrate new descriptions from the western flank of the Loppa High
with previous observations of the Lower Cretaccous strata in the
southern flank of Loppa High (Marin et al., 20174, in order to under-
stand the mechanisms controlling the drainage patterns in rift shoulders
affected by adjacent diachronous fault systems.
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A Western Bjarmeland Platform Loppa High Hammerfest Basin A’

TWT (ms)

1 55-56 M 53 I 1 I Cretaceous undif,
LE) 52 Il SO I Pre-Cretaceous

B Tromsg Basin Loppa High Bjarmeland Platform B’

TWT (ms)

Bjarmeland|

TWT (ms)

Fig. 2. Regmml seismic lines showing the terraces and fault scarps of the western and southern flanks and the eastern low gradient flank of the Loppa High. §0:
Berr Stz ian; S2: Aptian; S3: early Albian; S4: Albian and S5-86: latest Albian-Cenomanian. A-A”) N-§ regional line showing
the northwestern part of the Bjarmeland Platform, the Loppa High and the Hammerfest Basin. B-BY) Seismic line showing the deep Troms Basin, the Ringvasssy-
Loppa Fault Complex, the Loppa High and the Bjarmeland Platform. C-€¥) Seismic line showing the deep Bjorngya Basin, the Bjompyrenna Fault Complex, the Loppa
High and the Bjarmeland Platform.

2. Geological setting bounded to the west by the NE-SW-striking Bjgrngyrenna and the N-S-
striking y-Loppa fault and to the by the
2.1. Tectonic framework. E-W-striking Asterias Fault Complex (Figs. 1 and 2) (Gabrielsen et al.,

1990). The southeastern and eastern Loppa High borders with the
The Loppa High is located in the southwestern Barents Sea and is Bjarmeland Platform and with the Hammerfest Basin are gently dipping
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to the east and are interrupted by the Swaen Graben (Figs. 1 and 2)
(Gabrielsen er al., 1990} During the ‘I'riassic to Middle Jurassic, the
Loppa lligh arca acted as a depocenter, which was later uplifted (Sund
et al, 1986; Wood et al., 1989; Glgrstad-Clark, 2011). Most authors
have suggested a Late Jurassic-Early Cretaceous (Sund cf al., 1986;
Berghind et al., 1986; Wood et al, 1989) or earliest Cretaceous age for
this uplift event (Glarstad-Clark, 2011; Indrevaer ct al., 2017).

The surrounding basins, including the llammerfest, Tromso and
Bjgropya basins, as well as the Fingerdjupet Subbasin and the Swaen
Graben, were affected by Late Jurassic to Larly Cretaceous extension
(for location see Fig. 1) (Berglund et al., 1986; Sund et al., 1986; Wood
cral.. 1989; Gabriclsen cr al., 1990; Loscth ct al., 1992; Falcide ct al.,
1993; Clark et al.. 2014: Lazarevic, 2017). An carliest Cretaceous and
an Aptian faulring event are well eonstrained for the Bjernagya Basin
and the Fingerdjupet Subbasin, both resulting in the formarion of clastic
‘wedges associated with the main fault planes (Faleide eral., 1993; Clack
cr al., 2014; Blaich cr al., 2017; Serck et al., 2017). Early Cretaccous
local inversion has been suggested along the Bjgrnpyrenna, Ringvassay-
Loppa and Asterias fault complexes as a result of rranspression along
these faults or because of space problems related to the uplift of the
Loppa High (Berglund ct al., 1986; Sund et al., 1986; Gabriclsen ot al.,
1990; Indreveer et al., 2017). As a consequence, the inversion of seismic
wedges and formation of structural highs controlling the location of the
palco shelf-cdge, has been deseribed in the Polhem Subplatform and the
Ilammerfest Basin (Indreveer et al.. 2017; and Marin et al.. 2017a).

2.2, Stratigraphic framework

The Lower Cretaceous succession is divided into four main forma-
tions in the Barents Sca: Knurr, Klippfisk, Kolje and Kolmule (Dalland
1988; Merk ct al.. 1999) and more recently. into seven genetic
sequences (sequences 0-6; Marfn et al. 2017b) (Fig. 3). The lower
boundary of the Lower Cretaceous is known as the Base Cretaccous
Unconformity (BCU), which is expressed as a high amplitude seismic
reflector, but its age and stratigraphic significance is complex (Nettvedt
et al.. 1995; Gabrielsen et al., 2001). In the areas of the southwestern
Barents Sea affected by Late Jurassic to Early Cretaceous tectonism, the
BCU represents an unconformity. The age of the succession immediately
above the BCU varies from Boreal Berriusian/Volgian to Valangianian
[Arhus etal., 1990; Mork et al, 1999; Marin et al., 2017a) to Barremian

et al.,
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(e.g. 7220/10-1) (Fig. 3). The Lower Cretaceous sequences (sequences
0-6) are bounded by flooding surfaces and some of which are inter-
preted as potentially having regional seale (Fig. 3) (Marin ctal., 2017a,
2017b; Grundvig et al., 2017).

‘The Hammerfest Basin

A detailed Early Cretaccous filling history of the Hammerfest Basin
is provided by Marin cr al. (2017a). Westward deflected fan deltas
sourced by ineised valleys were interpreted along the southern flank of
the Loppa High. ‘Iic western fans have been dated as Boreal Berriasian/
Volgian to early Valanginian or younger. The eastern fans have heen
dared as carly Barremian age, bur NPD (2017) also reports Valanginian
ages. Aptian submarine fans are interpreted preferentially in the
southwestern flank of the Loppa High and are deflected eastward. An
upper Aptian to lower Albian unconformity is interpreted in the
southwestern flank of the Loppa High. This unconformity coineides
with a depacenter ft from the western part of the Hammerfest Basin
1o its central and northeastern parts which is interpreted as the result of
tectonic activity in the Ringvassey-Loppa Fault (Fig. 4) (Faleide et al.,
1993; Marin et al., 2017a).

3. Data and methods

This study uses two and three dimensional seismic reflection data
and well logs provided by the Norwegian DISKOS database (Fig. 1). ‘The
frequency values of the seismic data are mainly between 10 and 50 11z
A sequenee stratigraphic framework is iblished in the western flank
of the Loppa Iligh, based on stacking pattern analysis of wells 7220/5-2
and 7220/10-1 and mapping of reflector terminations on seismic. Se-
quence boundarics arc defined by maximum flooding surfaces (i.c.
genetic sequences; Galloway, 1989), elucidated by a spike with high
gamma ray log (GR) values. The top of the sequences are tied to the
seismic with synthetic seismograms. The sequences from the western
flank of the Loppa High are correlated with a previously defined stra-
tigraphic framework of seven genctic sequences cstablished for the
Hammerfest Basin, the Fingerdjupet Subbasin, the Bjarmeland and the
Finnmark platforms (sequences 0-6; Fig. 3) (Marin <t al., 2017b). The
age of the sequences is based on palynological analysis. For well 7220/
10-1, 31 ditch curring samiples have been palynological analyzed, 17 of
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Fig. 3. Sequence correlatlon around the Loppa High, Note that the BCU Lime gap In the southwestern flank of the Loppa High is [rom Late Jurassic 1o lale early
Barremian, Two additional uncenformities are interpreted in the western flank of the Loppa High, one during the late Barremnian 1o earliest Aplian age and a second
during the late Aptian-early Albian. Formation names and ages [rom Dalland el al. (1988) and Mork et al. (1999),
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e e e e we xre e e ze we we we e e
Time thickness map iR ) Time thickness map
BCU-S2 |

Fren

Fig. 4. A) Preserved Lime thickness maps between the BCU and the top of sequence 2. B) Preserved time thickness map between the top of sequence 2 and the top of

) . Note the hift in the st Basin from its western part in the BCU-scquenee 2, 10 its castern part in soquences 2-6. The Tromsg and the
Bjprngya basins arc not included In this study. Note the differenees in color scale in maps A and B. (For interpretation of the references (o color in this figure legend,
the reader is referred Lo the Web version of Lhis article.)

these provided dinocyst assemblages of Early Cretaceous age mixed these clinoforms focusing on their relationship with the Loppa 1ligh.
with caved Palcocene dinocyst specics. The age interpretation for well
7220/5-2 is based on a StrataBugs v2.0 charts, created from DEXFile 4.1. Lower Cretaceous to the east of the Loppa ligh (the Bjarmeland
with palynomorph occurrences data from 200 samples prepared by Platform and the Swaen Graben)
Robertson (UK) Ltd. (from the DISKOS databasc), using the zonation by
Nohr-Hansen (1993). The oldest sequences (sequences 0-1) are not properly documented
A deseription and interpreration of scismic facics is provided, which i arcas such as the Loppa High and the southwestern part of the
is based on the geometry of the sequences and the internal reflector  Bjarmeland Platform (Figs. 3 and 4a), because they are either con-
characrer following the prineiples of Mitchum ct al. (1977). Where densed intervals below scismie resolurion (4-35 m of the time cquiva-
clinoforms arc present, a time-depth conversion and a decompaction  Jent Knurr and Klippfisk formations: Smelror etal., 1998; NPD, 2017) or
process was performed (for details see Marin et al.. 2017b) to have an because there were not deposited. The BCU is tilted towards the east in
cstimative of the original depositional geometry (Salazar ct al.,, 2016).  the boundary of the Loppa Lligh and the Bjarmeland Platform. South-
A detailed sedimentological log description for two cores of well westward p ling clinoforms of seq 3-4 downlap onto this
7220/10-1 is included to aid the depositional environment interpreta- tilted BCU (Fig. 5b). The clinoforms have a height of approx. 500 m and
tion. The sedimentary log includes descriptions of rock type, grain size, the topsets are usually eroded (Marin et al., 2017b). Sequences 5 and 6
sorting, sedimentary structures, body and trace fossils and degree of  are observed on the eastern flank of the Loppa High (Fig. 5d). The
bioturbation. castern flank of the Loppa Lligh is interrupted by the Swacn Graben and
by a series of NE-SW striking faults, connecting the northern part of the
4. Lower Cretaceous sequences in the north and east of the Loppa Loppa Iligh with the Maud Basin (¥ig. 1). Lower Cretaccous wedges arc
High observed associated to these faults (Figs. 6 and 7d). The Swaen Graben
is constituted by several segments of WNW-ESE, E-W and WSW-ENE

During the deposition of the oldest sequences (sequences 0-2; normal faults creating a segmented graben (Gabriclsen et al., 1990)
Boreal Berriasian-Aptian) the main depocenters were located in the  (Figs. 1 and 6b). Clastic wedges oceur at several stratigraphic intervals
northwestern and the southwestern parts of the Hammerfest Basin, within the Lower Cretaceous basin fill succession (Lazarevic, 2017)
associated with the main bounding faults (Fig. 4a). At the top of se- (Fig. 6). In a seismic line oriented parallel to the strike of the graben a
quence 2 (earliest Albian), a switch in the depocenter location is ob- local unconformity is observed. There is no age control in this graben,
served in the area (Fig. 4). During deposition of the youngest sequences but from regional correlations, an age older than sequence 4 (i.e. Al-
(sequences 3-6; Albian-Ce jan), the main ¢ s were lo- bian) is  for the ion below the unc ity.
cated in the castern part of the Hammerfest Basin, the southwestern
part of the Bjarmeland Platform and the Nordkapp Basin (Fig. 4b). 4.2. Lower Cretuceous to the north of the Loppa High (the western
Lower Creraceous clinoforms located to the east and north of the Loppa Bjarmeland Platform and the Fingerdjupet Subbasin)

High have i been -Clark, 2011;
Dahlberg, 2014; Dimitriou, 2014; Hinna et al., 2016; Marin et al., In the southern part of the Fingerdjupet Subbasin, sequence 1 is
2017b). However, their tectono-stratigraphic relationship with the interprered above the BCU. Sequence 1 in this arca is divided into two

Loppa High is not well understood. Below we provide a description of by a downlap surface, interpreted as local flooding surfaces (Figs. 3 and
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Fig. 5. Scismic lincs showing the Lower Cretaceous scquences in the eastern and southeastern flanks of the Loppa [ligh. A3 Uni scismic line. B)

scismic line showing the cli of C: 3-6 d I the BCU. € Uni scismic line. D) scismic line showing the i ip of the
Lower Cretaceous sequences deposited on the northeastern Hammerfest Basin. Note that the oldest sequences (sequences 0-3) onlap onto the BCU without being
faulted. The youngest sequences (sequences 4-6) arc faulted and deposited on the Loppa High.
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Swaen Graben

1.5km

[s5-56 [l Cretaceous undif. older than 54

M s

10 Pre-Cretaceous

Fig. 6. Scismic lincs showing the Lower Cretaccous scquences in the Swaen Graben. A) Uninterpreted seismic line, B} Interpreted scismic line showing the Lower
Cretaceous clastic wedges developed along the main faults in the graben. €3 Uninterpreted scismic line. D) Interpreted scismic line showing an unconformity in the

arca indicating a switch in the source of sediment.

7b). 'The lower part of sequence 1 is characterized by wedges closely
associated with normal faults. Above the downlap surface, a package of
3, 7b and 7d). These
clinoforms prograded to the Sk in close proximiry to the Loppa High,

218

where they appear to be tilted towards the Fingerdjupet Subbasin or to
the western Bjarmeland Platform (Fig. 7). ‘The top of sequence 1 in the
uplifted footwalls is truncated by an unconformity (Fig. 7b). Based on
well 7321/7-1 the age of the is latc Barr Ty
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Western Bjarmeland Platform Svalis Dome

Fig. 7. A) Uninterpreted seismic linc. B) scismic line sh the Lower Cretaccot in the northern flank of the Loppa [ligh. Note the low angle
wedges in the lower part of sequence 1, and clinoforms in the upper part. An intra sequence 2 unconformity is obscrved in the arca, €) Uninterpreted scismic line. D)
Interpreted scismic line shows the | in the western Bj land Platform. Local wedges are ideatified in sequences 2-37.
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Fig. 9. A) Summary of the biosratigraphy for well 7220/10-1 located in the Ringvassay-loppa Fault Complex. ) Summary of fhe biostratigraphy for well 7220/5-2

located in the southern Bjgrnpyrenna Fault Complex.

Aptian (Fig. 3) (Robertson Group ple, 1989). Thickness changes and
wedges associated with faults are observed in the area within sequences
2 and 3 (Fig. 7b and d).

5. Lower Cretaceous in the western flank of the Loppa High
5.1. Sequence stratigraphy

The gamma ray log of well 7220/10-1 suggests that the Lower
Cretaceous succession can be divided into three large-scale regressive-
sive that are d by several higher-order
regressive and transgressive pulses (Fig. 8). The oldest maximum
flooding surface interpreted in well 7220/10-1 is correlated with the
top of sequence 1, although it appears to be slightly younger than in the
Hammerfest Basin, where an age of Hauterivian-early Barremian was
assigned (Marin ct al.. 2017a). ‘The sccond maximum flooding surface is
interpreted as the top of sequence 2 with an age of late early to mid late
Aptian. A flooding surface representing the top of sequence 3 is not
evident in well 7220/10-1. However, the top of this sequence is

22

interpreted in the western flank of the Loppa lligh based on scismic
correlations. The age of this event is time equivalent with the top of

3inthel Basin. 4 is partially id d,
but its top is truncated by an unconformity at the top of the Lower
Cretaccous (Fig. 9a). Sequence 0 of an age Boreal Berriasian-Valangi-
nian, is not identified in this well. Ilowever, sequence 0 is interpreted in
well 7220/5-2 located in the southern Bjornoyrenna Fault Complex
(Fig. 9b). Sequences 5 and 6 (latest Albian-mid Cenomanian age) are
not observed in the western flank of the Loppa ITigh.

5.2, Seismic facies and core description

5.2.1. Description
5.2.1.1. The Lower Cretaceous in the southern Bjgrneyrenna Fault
Complex. The southern segment of the Bjgrngyrenna Fault Complex is
characterized by a scrics of rerraces and fault scarps (Fig. 2¢). 'The
Lower Cretaceous succession was drilled in one of these terraces by well
7220/5-2 (Fig. 10b). Three unconformities are interpreted in the arca.
The first unconformity coincides with the BCU, the second is an upper

185



Paper 5

D. Marin et al.

7220/5-2 (Projected)

7220/5-2 (Projected)
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ow-relief clinoforms

Fig. 10. Scismic lines showing the details of the sequences in the western flank of the Loppa ITigh. A) Uninterpreted seismic line, B) Interpreted scismic line showing
the details of the scquences in the southern segment of the Bigrngyrenna Fault Complex. Note the three unconformitics interpreted in the arca, where incisions were
developed. C) Uninterpreted scismic line. D} Interpreted seismic line showing the wedges associated with the Ringvassgy-Loppa Fault Complex.

rivian ity and the youngest is an upper
Barremian-1 Aptian formity (Figs. 9 and 10b). 'These
unconformities are characterized by erosional fearures ns).
Incisions are particularly marked in the BCU and in the youngest

unconformity (Fig. 10b). 'The incisions are located in some of the
terraces of the southern segment of the Bjgrngyrenna Fault Complex,
particularly in the higher footwalls located to the east (Figs. 10b and
11). It is not casy to derermine the length of these in ns in the
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A

Fig. 11. Seismic lines showing the seismic facies in the western flank of the Loppa High. A) {
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Pre-Cretaceous|

seismic line. B} seismic line showing an incised

valley with narrow fans associated with the Bjornpyrenna Fault Complex. ) Uninterpreted seismic line. D) Interpreted seismic line showing an incised valley with

fans assaciated with the Ringvasssy-Loppa Fault Complex.

western flank of the Loppa High, since this area has exp | several

3-4 (Fig. 10d). Low-relief clinoforms (30-50 ms, approx. <

post Early Cretaceous erosion events (Solheim and Kristoffersen, 1984;
Henriksen et al., 2011). The incisions at the BCU level are partially
filled by sequences 0 and 1 in the terraces and by sequences 3-4 in the
higher footwalls (Figs. 10b and 11b). The incisions located ar the top of
sequence 1 are filled by sequence 2 (Fig. 10b). Sequences 0 and 1 have
wedge geometries, thicker towards a fault plane. Internally, the
reflectors are continuous to scmi-continuous. Additionally, Upper
Jurassic wedges have been previously described in the area (Blaich
et al,, 2017). Wedges are observed next to incisions occurring in the
higher footwalls (Fig. 11b). Sequence 2 thins towards the southern
segment of the Bjprnpyrenna Fault Complex and the internal reflectors
are discontinuous (Fig. 11b).

5.2.1.2. The Lower Cretaceous in the Ringvasssy Loppa Fault Complex. A
series of stacked Lower Cretaceous wedges are observed in the terraces
of the western flank of the Loppa High, closely associated with the fault
scarps of the Ringvassey Loppa Fault Complex, (Fig. 10d).

Wedges are not observed in the Upper Jurassic suceession, unlike
the southern segment of the Bjprngyrenna Fault Complex and sequence
0 is absent here (Figs. 9a, 10d; 11). 'The upper part of sequence 1
overlics the Upper Jurassic suceession and rogether with sequence 2
comprise the first wedge level (Fig. 10d). Internally, the reflectors are
aggradarional. The age for this first wedge level is late carly Barrcmian
to mid late Aptian. The vounger wedge level is interpreted as part of

60 m) that prograded westward are interpreted in the eastern wedge
(Fig. 10d). The age of this sccond wedge level is ?Aptian to ?lare Albian.
The wedges in the Ringvassoy Loppa Fault Complex are also observed
in close proximity to the incisions present in the southwestern part of
the Loppa High (Fig. 11d). The incisions in the southwestern part of the
Loppa High are filled with post-Lower Cretaceous successions
(rig. 11d).

5.2.1.3. Core description 7220/10-1. Two core sections from well 7220/
10-1 were described in this study from 1299.5 m to 1355 m (Fig. 12).
The investigated core consists mostly of bioturbated siltstone and thin
very fine to fine grained sandstones with trace fossils attributable to the
Zoophycos, Cruziana and mixed Cruziana and Skolithos Ichnofacies
(Table 1). Based on the core description, three facies associations
(FA) are recognized: 1) FA1 is composed of poorly sorted bioturbated
mudstonc and laminated siltstone. Siderite coneretions and horizons
and shell fragments oceur locally. Some of the observed trace fossils
include:  Nereites i is, Ph iph incertum,  Planolil

Palacophycus, Asterosoma, and rare Thalassinoides (Fig. 12,
2) FA2 is d of bi il
siltstones and normally graded sandstones beds. Soft sediment
deformation and convolute lamination occurs locally. The most
common trace fossils include: Nereites missouriensis, Phycosiphon

incertum, Planolites, A and Tei (Fig. 12,

Table 1);

d
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Fig. 12. Detailed sedimentary logs of core scetions 1 and 2 in well 7220/10-1. The
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sandstonc beds with ripple cross-laminated or soft deformed tops. The
sandstone beds are normal graded and are mainly sharp-based. with
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sandstone and mudstone basal contacts. Some of the observed trace

188

fossi
and rare Skolithes.
Table 1).

of degree of bi

follows the bioturbation index (BI) of Taylor

include: Planolites,

Nereites missouriensis, T

Incerurm and T inoi (Fig. 12,



Paper 5

Marine and Petrolewm Geology 94 (2018) 212 232

Facies association identified for well 7220/10-1. The description of degree of biturbation follows the biaturbation index (BI) of Taylor ard Goldring (1993).

Interpretation

D. Marin et ai.
Table 1
FA Fxample Ticseription
FA 1 Open marine mudstone, and subosdi o L or
shelf deposits Jaminated siltstone. The rocks are generelly poorly surted
and are rich in sand-grade grains. Siderite coneretions and
Torizons oecur in places. Shell fragments are present
locally. The sediments are generally ntensely bioturhoted
(B 4-6], and the ichnediversity is moderately low, ‘Itace
fossils includes Nereites missouriensis, Pitycosipiion incertum,
Planolites, Paloeophycas, Asierosoma, and rare
Thalussinoides.
YA 2 Offshore. Bioturbated mudstone and silestone beds sltemating with
transition Taminated siltstone and sandstene beds. The sandstone
deposits beds are commonly sharp-based and normally graded. Soft

FA 3 Lower-most
shoreface
deposits

sediment deformation in the shape of lame structures 2nd
convolute lsmination occurs in some beds. Shell fragments
are present locally. ‘The finest grained sediments arc:
generally intensely bioturbated (81 4-6). whereas the
sandstones are moderacely biowrbated (B 3-4). Trace
Tassils includes: Nercites missourierisis, Phycosiphon incertiun,
Plmalites, Asterasuma, Aremcolites and eichnie s

Planar and low-zngle laminated sandstone beds with ripple
cronsclominated or softsediment deformed tops. Most heds
are sharp-hesed, contzin basal lags of ripap mudstone
<lasts and sow nommal grading, Successive sandstone beds
are separated by thin beds of bioturhated mudstone or
siltstone. loading structuses commonly Gecur at th
contact between sandstenes and mudstones. ‘The degree of
bioturbation is generally low (B 0-2), and typical trace
Jossils include Planolites, Arenicolites, Nereites missouriensis,
Teichnichnus and rare Skelidhas. Phycosiphon cerim 2nd

hasal

The dominance of fine-grained sediments and the high
degree of bioturbation, is interpreted o represent
deposition in o law-energy shell serting, genzrally belew
storm-wave base, The sporadic ocourrence of silistancs
snd fragmented shells suggests influence by major storms.

Based on irs mudstone dominared narure and the sporadic
axearrence of sandstone beds with scorm-wave generated
structures, this facles association is interpreted as offshore
transition deposits.

The: sandstone beds with storm-warse: generated structures

suggests a high-
preservation of scorm deposits suggests that the

enviconment was not affectad by the constant rewerking
by fair-weather waves and is thus indicative of depesition
within the lov

nergotic, shallow marine sctting. The

nast shoseface

Thalassinoides oeour in the mudstones,

5.2.2. Imterpretation

Based on the
high degree of bioturbation, FA1 is interpreted as open marine shelf
deposits. The dominance of mudstone and the presence of sandstone
beds, with rip-up mudstone clasts suggest that FA2 represents offshore
transition deposits. The occurrence of sandstones beds with wave and
storm-wave generated structures and the preservation of the storm
deposits suggest that FA3 represents lowermost shoreface deposits
(lable 1). The interpretation of the sedimentary log is consistent with
the height of the clinoforms identified in one of the wedges (= 60 m),
which indicates relatively shallow shelfal waters (for details of clino-
forms classification, see [lelland-1lansen and Ilampson, 2009), Thus,
based on the configuration of the seismic reflectors in combination with
the sedimentalogieal log deseription (Fig. 12, Table 1), we attribute the
wedges in the terraces of the Ringvassoy Loppa Fault Complex and

¢ of fincd-grained sedimentary rocks and the

southern segment of the Bjorneyrenna Fault Complex to deposition in
shallow marinc to shelfal environments. Shallower deposits like upper
shoreface, foreshore or marginal marine facies have not been detected
in the core secrions. 1 dicatcs thar the investigated sediment were
deposited at a certain water depth and distance from the actual
shoreline.

5.3. Biostratigraphy

5.3.1. Age of sequences in the Ringvassgy-Loppu Fault Complex {well
7220/10-1)

well 7220/10-1 recorded sequences 14 (Fig. 9a). The palynolo-
gical assemblage of three ditch-cutting samples from the interval
1463-1481 m contains Barremian dinocysts, representing sequence 1
(Fig. 9a). The lower sample is dated as late early Barremian (dinocyst
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subzone I (2), Nohr-Hansen, 1993) based on the presence of Batioladi-
nium longi e itina nuda, im anaphrissum,
and P. toveae (Fig. 9a). The two upper samples are dated as late Bar-
remian, (dinocyst subzone I (3), Nehr-Hansen, 1993) based on the
presence of Batioladinium longicornutun, and Pseudoceratium toveae. The
interval 1382-1463 m representing sequence 2 and lower part of se-
quence 3, is dated as late early to middle late Aptian (?zone II to lower
part of dinocyst zone II, Nohr-Hansen, 1993) based on the presence of
A i Circulodini i Dingodini

br al-

bertii, Pseudoceratium <f. retusum and Stephodinium dionneae. However,
the dinocyst content of the upper part of sequence 3 do not exclude an
early middle Albian age (Fig. 9a). A hiatus of latest Barremian and/or
earliest Aptian age is suggested for the sequences 1-2 boundary, based
o the missing record of marker species for that ime interval. Sequence
4 is tentatively dated middle to late Albian (dinocyst zone IV, and zone
V, Nohr-Hansen, 1993) based on the study of two samples from 1285 m
and — 1346 m. The palynological assemblages in these samples consist
of caved Selandian, Paleocene dinacysts, together with the few (pre-
sumably in situ) middle to late Albian, Early Cretaceous dinocyst in-
dicators: Chich f. vestitum, Ovodinium sp. 3 of Nehr-Hansen
(1993), L ini pr I and Pseud: i aff. Li
(Fig. 9a).

5.3.2. Age of sequences in the southern Bjgrnayrenna Fault Gomplex (well
7220/5-2)

Well 7220/5-2 recorded sequences 0—4 (Fig. 9b). The lower part of
sequence 0 (1391-1357 m) is dated as early Valanginian age based on
the last occurrence (LO) of Ciculodiniam compta (Costa and Davey,
1992), Tubotuberella apatela, Perisselasphaeridium insolintm and Palae-
eysta palmula (Duxbury, 2001). The top of sequence 0 is dated as late
Valanginian based on Gochteodinia villosa subsp. multifurcata and Isth-
mocystis disticta at 1272 m. Sequence 1 is dated as early Barremian to
?Hauterivian age based on the LO of Nelchinopsis kostromiensis and
Stanfordella ordocava at 1270 m and by the LO of Batioladinium long-
icornutum and Pseudoceratium anaphrissum at 1252 m, correlating with
the dinocyst subzones 1 (1) and 1 (2) (of Nehr-Hansen, 1993). Se-
quences 2 and 3 are interpreted as having an age of ?late Aptian ?early
Albian respectively, based on the LO of Aptea polymorpha and Psedo-
ceratium retusum consistent with Duxbury (2001) and Brideaux (1977)
and tentatively assigned to the Circulodinium brevispinosum 111 Zone (of
MNohr-Hansen, 1993). An age of middle Albian dinocyst zone IV is
suggested for sequence 4 based on the LO of Chichaouadinium vestitum at
990 m (Fig. 9b).

6. Discussion

6.1, Tectonic events controlling the formation of Lower Cretaceous shallow
to deep-marine fans

6.1.1. The Loppa High uplifi and activity of the Asterios and the
Bjorngyrenna fault complexes

Clastic wedges suggest that Boreal Berriasian/Volgian to lower
Valanginian-lower Barremian syn-rift fans were deposited in the
southern flank of the Loppa High and along the southern Bjsrngyrenna
Fault Complex. The fans are observed next to incisions interpreted as
multiple incised valleys. These incised valleys are interpreted to be
formed during the Valanginian or before, since some of them are filled
with sequence 0 (Valanginian) (Fig. 10b). The age and location of the
incised valley indicate that they fed the fans along the western and
southern flanks of the Loppa High (Figs. 10b, 11 and 13a). Upper
Jurassic wedges suggest that these incisions on the Loppa High prob-
ably started from the Late Jurassic (Fig. 11b). For the southern flank of
the Loppa High, the formation of incised valleys is interpreted as dia-
chronous, since their associated fans have been dated as Boreal Ber-
riasian/Volgian to early Valanginian or younger in the western part and
as ?Valanginian—early Barremian age in the eastern part (Marin et al,
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2017a). Indreveer et al. (2017) proposed that the Loppa High was dif-
ferentially uplifted, because its western flank experienced higher fault
activity. We suggest that this factor together with diachronous move-
ment of faults explain the diachronism of the clastic wedges deposition.
The southwestern flank of the Loppa High was faulted at the time of the
deposition of sequences 0-1 (Fig. 13a). However the southeastern part
of the high is less faulted (Fig. 13a) (Gabriclsen et al, 1990). This
suggests that the faulting was propagating laterally castwards (as de-
scribed for the Suez rift by Sharp et al., 2000), indicating that the uplift
of the high was progressively younger in that direction. The non-
homogeneous uplift event resulted in eastwards younger sediment
input points. The older age of the fans (Late Jurassic and Boreal Ber-
riasian/Volgian to early Valanginian) is constraining the time of initial
erosion of the Loppa High and coincides with previous works, sug-
gesting an age of Late Jurassic—earliest Cretaceous for the uplift event
(Sund et al., 1986; Berglund et al., 1986; Wood et al., 1989; Glerstad-
Clark, 2011).

On the western Bjarmeland Platform, Serck et al. (2017) described
NW-prograding Barremian clinoforms (which correlate with the lower
part of sequence 1) sourced from the Loppa High (Fig. 3). The upper
part of sequence 1 (early Barremian age) was deposited after an intra
sequence 1 flooding event (marked by the downlap surface) (Fig. 2).
This local flooding event affected the Fingerdjupet Subbasin and the
western Bjarmeland Platform, where it flooded the NW-prograding
clinoforms deseribed by Scrck et al. (2017). In addition, the SE-pro-
grading clinoforms observed in close proximity to the Loppa High
(Glerstad-Clark, 2011; Marin et al., 2017b) suggest that the northern-
most part of the this high was also flooded (Fig. 7b and d).

6.1.2. Faulting of the Ringvassay-Loppa Fault Complex

Wedges associated with the Ringvassey-Loppa Fault Complex sug-
gest that faulting occurred along this fault complex during the late
Barremian-Aptian (sequence 2). These wedges are interpreted as
shallow marine fans (Fig. 12). Incised valleys are observed next to these
fans in the uplifted footwall of the Ringvasspy-Loppa Fault Complex
(Fig. 11d) and along the southern segment of the Bjernayrenna Fault
Complex eroding the fans of sequences 0-1 (Figs. 10b, 11b and 13hb).
We interpret these incised valleys as another potential episode of se-
diment bypass to the Troms and Bjgrnaya basins (outside of our study
area). Furthermore, it reveals that new fairways of sediment (incisions)
and their related diachronous fans are being formed, as a consequence
of a non-homogenous uplift of the Loppa High, diachronous fault
movement and that its topography was renewed in the western part.
Besides, a Barremian-Aptian (sequence 2) unconformity is observed in
the Fingerdjupet Subbasin formed as a response of footwall uplift (as
described by Kusznir et al., 1991; Ravnés and Steel, 1998 for other
settings).

An Aptian faulting event is well known in the Fingerdjupet Subbasin
(Faleide et al., 1993; Clark et al., 2014; Blaich et al., 2017; Serck et al
2017). This activity formed localized wedges, compartmentalized the
clinoforms in the Fingerdjupet Subbasin (“ig. 7b and d) and contributed
to the uplift of the northernmost part of the Loppa High. In addition, the
Svalis Dome and the faults located close to it (Fig. 7d), have been de-
scribed as active during the Late Jurassic-Early Cretaceous (Berglund
ct al., 1986), but the fault activity continued until the mid-Cretaceous
(Loseth er al., 1992). We suggest that the activity of the Svalis Dome
and the faults in that arca could have locally influenced the uplift of the
northernmost part of the Loppa High. However, the ages are not well
constrained and more detailed studies are therefore necessary.

6.1.3. Tilting of the Loppa High and Haminerfest Basin

The unconformity observed at the top of sequence 2 (upper
Aptian-lower Albian) in the southwestern flank of the Loppa High co-
incides with the eastwards tilting event of the Hammerfest Basin sug-
gested Marin et al, (2017a) (Fig. 13¢). This tilting event indicates that
the northwestern part of the Hammerfest Basin was shallow to
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B. Faulting of the RLFC
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Fig. 13. Three-dimensional cartoons illustrating the three main events cantrolling the deposition of the clastic wedges around the | appa High. A) The activity of the

Asterias and the Bjsmayrenna fault complexes and the tplft event of the Lappa High during the Late J

liest Cretaceous the of

progressively younger wedges toward the east; 15} a late Baremian-Aptian faclting episode affected the western flank of the Loppa High, depesiting shallow and deep
marine wedges; G A lale Aptian-early Albian renewed uplift and eastwards Lilting event aflected the Loppa High and the Hammerfest Basin, forming stbaerlal Lo
shallow marine conditions in Lhe soulhwesiern parl of the sludy area and progressively deeper conditions 1o Lhe easl.

subaerially exposed in the carly Albian. In contrast, clinoforms with a
height of 80-200 m and 500 m have been described for sequences 3—4
in the castern part of the Ilammerfest Basin and in the Bjarmeland
Platform (Marin et al. 2017a). (Fig. Sb). This shows progressively
decper conditions toward the cast. The southwestward prograding
clinoforms in the northeastern part of the [lammerfest Basin are in-
terpreted to have been sourced by the Loppa High, This depositional
arrangement could be the result of the tilting of the Loppa lligh cast-
wards. The tilting of the Loppa Iigh is additionally supported by Albian
shelf-margin clinoforms {sequences 3—4; Marin ct al.. 2017b) down-
lapping on the BCU in the boundary between the Loppa Iligh and the
Bjarmeland Platform (Fig. 5b).

Marin et al, (2017a) interpreted the unconformity in the north-
western part of the Hammerfest Basin as the response of a period of
activity of the Ringvassey-Loppa Fault Complex, which locally uplifted
the western part of the Loppa High and Ilammerfest Basin. However,
the gradual deepening of the Hammerfest Basin to the east, the height
of the clinoforms ( > 500 m) in the Bjarmeland Platform and their re-
lationship with the Loppa High and the switch of the depocenter lo-
cation during sequences 3-4. indicate that this tilting was not a local
event. Finally, due to the eastwards tilting, the eastern part of the Loppa
ligh became flooded in the larest Albian—Cenomanian where sequences
5-6 were deposited (Fig. 5d) (Mavin et al.. 2017a).

6.2, Drainage evolution on uplified rift shoulders affected by adjacent fault
systems

Based on the evidence of fault activity in the western and southern
flanks of the Loppa High and the presenee of incised valleys, we suggest
that the western and southern flanks of the Loppa lligh were char-
acterized by topographic highs. By contrast, the eastern flank of the
Loppa lligh was not affected by N—§ or NE-SW faults and there is an
absence of incised valleys and its related wedges (except where E-W
and NLE-SW Grabens are presented) (Fig. 13b). Lhus, the castern flank
of the Loppa [ligh is interpreted as having a relative low gradient slope
for mast of the Early Cretaccous, giving the aspect of an ancient large
scale tilted fault block (Fig. 2b and c). The morphelogy of the Loppa
High provide a lot of insights about the evolution of drainage systems in
uplifted rift shoulders (Fig. 13). The western flank face the basins where
Late Jurassic-Barly Cretaceous rifting was concentrated (Figs. 2 and
11). Sediment eroded through the incised valleys fed the fans developed
along the terraces in this margin. Most of the incised valleys in the
western flank of the Loppa High are interpreted as short length drai-
nage systems to the deep Tromsp and Bjgrneya basins (Figs. 11 and 13).
The fans in the area tend to show a progressive change from aggrada-
tonal to progradational stacking, reflecting changes in the available
accommotlation space as described by amongst others Densmore et al.
(2007} and Gawthorpe and Leeder (2000] (Fig. 10d).

1f the eastern flank of the Loppa Iligh was a low gradient slope for
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mast of the Early Cretaceous, it can be expected that a longer drainage
system was developed towards the east sourced by the topographic high
from the western flank. In the eastern flank, clinoforms prograding from
the Loppa High have been identified only in narrow areas in the
southeastern flank (NE Hammerfest Basin; Marin et al., 2017a) and in
the northern part, where Serck et al. (2017) described NW-prograding
clinoforms. However, most of the eastern flank of the Loppa High is
characterized by a lack of clinoform geometries that could indicate the
development of a shoreline or delta, conversely to the uplifted footwall
models (e.g. Ravnis and Steel, 1998; Gawthorpe and Leeder, 2000) or
as in other uplifted rift shoulders such as the Red Sea and Gulf of Aden
(Frostick and Reid, 1989). From this, two questions arise: 1) how were
the drainage patterns configured in the Loppa High? And 2) why is
there an apparent lack of drainage systems running from the western
uplifted flank of the Loppa High to its low gradient eastern flank? One
possibility is that the deposits of these drainage systems (e.g. clino-
forms) are below the seismic resolution.

A second option is the role that adjacent fault systems could have
played on the drainage system development on the Loppa High. During
the Early Cretaceous, the eastern flank of the Loppa High was further
affected by different E-W, ESE-WNW and NE-SW-striking faults. For
instance, the Swaen Graben and the northern faults that connected the
Loppa High to the Maud Basin (Figs. 6 and 7d). This faulting is inter-
preted to have happened before Albian, almost I 1y to the

Marine and Petroleum Geology 94 (2018) 212-229

in the area are diachronous, indicating that new entry points of the
sediment were differentially formed as a consequence of diachronous
fault movement in the Loppa High flanks. 2) Faulting along the
Ringvassgy Loppa Fault Complex during the late Barremian—Aptian,
Related to this event, incised valleys were formed in the southwestern
flank of the Loppa High and shallow marine fans were formed in the
terraces of the Ringvassey Loppa Fault Complex. 3) Tilting of the Loppa
High and the Hammerfest Basin during late Aptian—carly Albian. A
depocenter switching is suggested as a result of this last event
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7. Conclusions

The ancient Loppa High is an example of an uplifted rift shoulder
that was affected by several adjacent fault systems during the Early
Cretaceous. The flank that faces the master fault complexes is char-
acterized by incised valleys and shallow to eventually deep marine fans.
In the gently tilted flank the main drainage systems were confined and
deflected to a series of E-W, ESE-WNW and NE-SW graben structures
ocecurring almost simultaneous with the main fault system. In this study
we propose that three main events controlled the deposition of fans in
the flanks of the high: 1) the activity of the Asterias and the
Bjgrngyrenna fault complexes, interpreted to have happened during the
Boreal Berriasian/Volgian to carly Valanginian — early Barremian.
Associated with this event, incised valleys and fans were formed. Fans
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