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Abstract

The Norwegian Continental Shelf (NCS) is a prolific petroleum province where exploration has been
successfully conducted since the late 1960s. Most of the discoveries are sourced from widespread and
highly prolific Upper Jurassic black shales. However, as exploration is maturing on the shelf,
petroleum originating from these shales becomes continuously harder to find. Large areas of the shelf
host deep Cretaceous basins where these traditional source rock units are too deeply buried. Here, the
occurrence of a stratigraphically shallower source rock unit could potentially renew exploration
strategies and reduce risk. Such source rocks may potentially be present in Cretaceous strata in
multiple basins across the NCS. Although, research on Cretaceous organic-rich deposits has been
conducted over several decades, their lateral extent and potential remain uncertain. By combining
regional 2D reflection seismic data, wireline logs from numerous exploration wells, and a geochemical
database, this study aims to broaden our understanding of key factors controlling the deposition and
preservation of Cretaceous organic-rich units, establish their stratigraphic occurrence and lateral
distribution, and finally elucidate their petroleum potential. In the Lower Cretaceous succession on the
SW Barents Shelf, organic-rich units are associated with negative amplitude reflectors, which
typically conform to regionally extensive maximum flooding surfaces (Paper I). These negative
amplitude reflectors are tied to wireline logs and geochemical data, which together indicate the
presence of four potential source rock units in this region of the NCS. These are the: (1) upper
Hauterivian, (2) Barremian, (3) lower Aptian, and (4) upper Cenomanian organic-rich units. The
deposition and preservation of these organic-rich units are confined to localized, fault bounded
depocenters, which mainly formed during a well-known rifting event in the Late Jurassic — Early
Cretaceous. Overall, most of these units display a limited petroleum potential, as they are of low
quantity and quality. However, some localized potential occurs, particularly in the lower Aptian unit.
In the Vering Basin, on the mid-Norwegian margin, the oldest part of the Cretaceous succession is
deeply buried, thus exhibiting a very limited potential (Paper II). Here, our findings indicate the upper
Cenomanian organic-rich unit, which previously has been postulated to hold some potential, have been
subjected to severe sedimentation rates, causing a dilution effect, and experienced recurring
oxygenated conditions. Globally, the Cenomanian is associated with the occurrence of an Oceanic
Anoxic Event (OAE II) and widespread deposition of prolific source rocks. Despite the inferred
development of a mid-water oxygen minimum zone on the mid-Norwegian margin during this time,
most of the exploration wells on the terraces and intra-basinal highs on this part of the NCS, indicate
that the upper Cenomanian organic-rich unit have a limited and very localized petroleum potential at
best due to the above-mentioned reasons. In Svalbard, at the exhumed NW corner of the NCS, the
potential of open marine and paralic strata of Hauterivian — Barremian/early Aptian age is investigated
(Paper III). Particularly coals and coaly shales in the Barremian paralic deposits show some potential.
If similar deposits are present in the topsets of time-equivalent clinoforms elsewhere on the northern
Barents Shelf, this may represent a hitherto unexplored source rock model in this part of the NCS.
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Preface

This work is the result of a three-year PhD project that started in September 2018. The project was
fully funded by Wintershall-Dea Norway and was associated with the former Research Centre for
Arctic Petroleum Exploration (ARCEXx). UiT — The Arctic University of Norway is the degree-
awarding institution. The project was supervised by representatives both from academia and the
petroleum industry. The supervisors were Associate Professor Dr. Sten-Andreas Grundvéag (ARCEXx,
UiT, UNIS), Dr. Balazs Badics (Wintershall-Dea), Roy Davis (Wintershall-Dea) and Professor Atle
Rotevatn (UiB).

The main objective of this study is to establish the presence, spatial variations, depositional conditions,
and petroleum potential of Cretaceous organic-rich units on the Norwegian Continental Shelf. To do
this, the project combines regional 2D seismic data with wireline logs and geochemical data to map
and evaluate the organic-rich units. In addition, conceptual models for the SW Barents Shelf and the
mid-Norwegian margin have been established to elucidate key controls for the relevant units. These
models take into consideration the paleodepositional conditions and processes necessary for organic-
rich units to form and be preserved. The lateral distribution of the organic-rich units is discussed, and
their potential is established through traditional source rock evaluation. Parts of this work have been
presented at national conferences through oral presentations and posters.

The following ECTS-accredited courses have been completed in order to fulfill the educational
component in the PhD degree: SVF- 8600 “Philosophy of science and ethics” (UiT, 6 ECTS), GEO-
8126 “Practical seismic processing” (UiT, 5 ECTS), GEO-8144 Marine geology and geophysics cruise
(UiT, 5 ECTS), GEO-8145 Arctic marine geology and geophysics workshop (UiT, 5 ECTS), AG-823
Sequence stratigraphy — a tool for basin analysis (UiT, 10 ECTS).

This thesis starts with an introduction and moves on to motivation and geological background
(Chapters 1 and 2). Following, the thesis outlines the scientific approach (Chapter 3) and summary of
the three research papers (Chapter 4). Then, the three research papers are discussed in the final
synthesis (Chapter 8).

The three research articles are as follows:
L. Hagset, A., Grundvag, S. A., Badics, B., Davies, R., & Rotevatn, A., 2022. Tracing Lower

Cretaceous organic-rich units across the SW Barents Shelf. Mar. Petrol. Geol. 140, 105664.
https://doi.org/10.1016/j.marpetgeo.2022.105664.

II. Hagset, A., Grundvag, S. A., Badics, B., Davies, R., & Rotevatn, A., 2023. Deposition of
Cenomanian — Turonian organic-rich units on the mid-Norwegian Margin: controlling
factors and regional implications. Mar. Petrol. Geol. 149, 106102.
https://doi.org/10.1016/j.marpetgeo.2023.106102

I1I. Hagset, A., Grundvag, S. A., Wesenlund, F., Badics, B., Thiefen, O., 2023. Source rock
evaluation of Hauterivian-Barremian (Early Cretaceous) paralic deposits in Svalbard.
Manuscript prepared for submission to journal of Petroleum Geoscience.
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1 Introduction

1.1 Rational and relevance

The current energy crisis and geopolitical situation in Europe have made petroleum resources from the
Norwegian Continental Shelf (NCS) essential to maintain necessary energy supply to the continent. A
recent report from the International Energy Agency (IEA) states that the European Union faces a
shortfall of c. 27 billion cubic of natural gas in 2023 (IEA, 2022). The shortage of energy has made
prices extremely volatile, and many communities and energy intensive sectors are now experiencing
rising poverty and slowing economics. At the same time, governments are moving towards renewable
energy sources which are less dependable, but necessary to help bridge the energy gap and reach the
goals of the Paris Agreement (Way et al., 2022). In this context, new knowledge on the gas prone
source rocks situated in the marginal basins on the NCS, could lead to the discovery of untapped
resources that could help ensure a predictable and reliable energy supply. These resources could also
help ensure a gentle transition to a society based on renewable energy, while maintaining stability and
security (e.g. Way et al., 2022).

In the deep marginal basins along the mid-Norwegian and SW Barents shelves, the traditional Upper
Jurassic source rock unit is overmature and spent due to deep burial (Dor¢ et al., 1999; Ohm et al.,
2008; Brekke, 2000; Zastrozhnov et al., 2020; Cedefio et al., 2021). Thus, to find new resources,
exploration success depends on the occurrence of a stratigraphically shallower source rock units in
these basins. Such alternative source rock units may occur in the Cretaceous succession (e.g. Leith et
al., 1993; Brekke, 1999; Seldal, 2005; Ohm et al., 2008; Lerch et al., 2017; Sattar et al., 2017;
Matapour and Karlsen, 2017).

This study document the stratigraphic occurrence, lateral distribution, and regional variations in the
source rock characteristics of Cretaceous organic-rich units across the NCS. The main study areas are
confined to the Cretaceous basins on the mid-Norwegian margin, the SW Barents Shelf, and Svalbard,
the exhumed NW corner of the NCS. This study utilizes regional high quality 2D reflection seismic
data, wireline logs, and an extensive geochemical database, to assess and elucidate the petroleum
potential of the recognized organic-rich units. This integrated dataset form the basis for conceptual
models made specifically for each region hosting organic-rich units which exhibit petroleum potential.
These models emphasize the depositional conditions and controlling factors during development of the
various organic-rich units.

The PhD project was fully funded by Wintershall-Dea,

and was partly affiliated to the former Research Center for Arctic Petroleum Exploration (ARCEX).
The overall goal of the research center was to increase our understanding of the subsurface geology of
the Barents Shelf and adjacent basins, assess geological risk, and thus mitigate environmental risk
connected to exploration in frontier regions.



1.2 Formation of source rocks and its controlling factors — an
introduction

The formation and preservation of source rocks is generally attributed to three controlling factors.
These are: organic primary productivity, preservation potential, and sedimentation rate (Pedersen and
Calvert, 1990; Demaison and Moore, 1980; Demaison et al., 1983; Bohacs et al., 2005; Katz, 2005).
The following subchapters briefly describe the importance of these factors and how they operate and
vary in time and space, ultimately governing source rock potential.

1.2.1 Primary production

To form a source rock, enough organic matter must be produced and incorporated into the sedimentary
system. Primary production is thus considered the main controlling factor for organic-matter
preservation (Pedersen and Calvert, 1990). Essentially, all organic matter is originally produced by
photosynthesis in either the marine or terrestrial environment. In the marine environment, the
photosynthesizes are pelagic phytoplankton and benthic algae. The productivity of these is dependent
on both physical and chemical factors. Temperature and light are assumed to be the most important
physical factors, where the amount of light is affected by the depth, latitude, and turbidity of the
basinal waters. Hence, the highest amount of organic productivity takes place in the shallow photic
zone and decrease rapidly towards deeper waters. The abundance and availability of nutrients (e.g.
phosphates and nitrates) are essential to promote organic productivity, and are the most important
chemical aspect. The availability of these nutrients is controlled by either upwelling of nutrient-rich
waters from deep basins, or by fluvial input (e.g. Pedersen and Calvert, 1990; Katz, 2005). Organic
matter derived from terrestrial sources, including wood, spores, pollen and leaves etc. are mostly
transported to the basin through fluvial runoff, but may also be brought into deep marine basins by
sediment gravity flows (e.g. Saller et al., 2006). In general, terrestrial sourced organic matter is often a
significant contributor to the amount of organic matter occurring and being preserved in nearshore to
marine environments (Pedersen and Calvert, 1990).

1.2.2 Preservation of organic matter

The benthic conditions where organic matter is deposited and subsequently buried, are important for
source rock development. The main control is the concentration of dissolved oxygen in the water, as
oxidizing environments allow bacteria to oxidize organic compounds to CO; and water, thus
effectively degrading the organic matter (Demaison et al., 1983; Bohacs et al., 2005). This process will
reduce the amount of organic matter and can continue until all organic matter is destroyed (Tissot and
Welte, 1984). In contrast, anoxic water conditions only allow sulfate-reducing or methanogenic
bacteria, which are less efficient in degradation of organic matter (Demaison and Moore, 1980;
Demaison et al., 1983). Hence, the oxygen content has direct implications for the quantity and quality
of organic matter preserved in the sediments (Demaison and Moore, 1980; Demaison et al., 1983;
Tissot and Welte, 1984).



The occurrence of anoxic conditions and its implications towards preservation of organic matter in
different basin settings have previously been demonstrated by Demaison and Moore (1980) and
Demaison et al. (1983) (Fig. 1.1). These models indicate that anoxic conditions can occur when the
oxygen demand exceed the supply in basins of different configurations. The bathymetric confinement
of a basin might obstruct water circulation and the supply of oxygen, which may result in thermal and
density water stratification (Fig. 1.1A). This is often the case in restricted basins, such as lakes and in
silled basins such as fiords and rotated half grabens (e.g. Demaison et al., 1983; Fig 1.1A). As such,
the basin configuration and bathymetric conditions have an overall control on water stratification and
circulation, and thus deposition and preservation of organic matter. Moreover, in the open marine
environment, high organic productivity in the photic zone attributed to high supply of nutrients from
fluvial runoff and coastal upwelling, can lead to the development of an oxygen minimum zone (OMZ)
with an anoxic core (Fig. 1.1B). Anoxia related to for example an OMZ can be significantly enhanced
during times of global Oceanic Anoxic Events (OAEs: e.g. Arthur et al., 1987; Schlanger and Jenkyns,
1976; Jenkyns, 1980) which is further discussed in papers I — 11, and the synthesis in particular.

Once the organic matter is incorporated into the sediments, it begins a transformation from biological
organic matter into geological organic matter (Dembicki, 2016). During this process the organic
matter is subjected to chemical alteration processes such a hydrolysis, reduction, oxidation and even
biodegradation, which breaks down larger molecules into smaller organic compounds (Dembicki,
2016). These compounds either form kerogen (solvent-insoluble) or bitumen (solvent-soluble) during
diageneses. Kerogen has traditionally been divided into four types based the composition of organic
matter and the type of organisms it was derived from, but also based on how well the kerogen was
preserved in the basin. As such, the various kerogen types reflect the primary source and depositional
conditions in which the organic matter was subjected to during deposition and preservation (Peters and
Cassa, 1994). The amount of hydrogen and the type of structure of the organic matter has the overall
control on whether the kerogen is oil prone (kerogen Type I-1I), gas prone (kerogen Type III), or inert
(kerogen Type IV) (e.g. Tissot and Welte, 1984; Peters and Cassa, 1994; Dembicki, 2016).
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Fig.1.1 A) Deposition of organic matter in lakes and silled basins. Anoxic and sub-oxic water conditions occur
when water circulation becomes stagnant due to a permanent density stratification in the water column. B)
Deposition of organic matter in open marine environments. The development of an oxygen minimum layer/zone
with and anoxic core is attributed to high marine productivity, which can be enforced by coastal upwelling. This
can lead to the deposition of prolific source rocks. Kerogen type is annotated | - IV. The figure is attained from
Demaison et al. 1983.

1.2.3 Sedimentation rate

Sedimentation rate is a critical factor for preservation of organic-rich sediments. The sedimentation
rate should be below a threshold for organic matter to be preserved without experiencing a dilution
effect cf. Ibach (1982) and Bohacs et al. (2005). The sedimentation rate should also be high enough to
prevent prolonged exposure to biodegradation, and oxidants in porewater (Bohacs et al., 2005). Long
exposure also makes them prone to erosion and transport (Bohacs et al., 2005). In most sedimentary
basins, particularly those in tectonically active settings such as rift basins, sedimentation rate can vary
over short distances. This is due to variable distance and connection to sediment source areas, the
nature of sediment delivery systems (e.g. point sourced versus line sourced feeder systems),



tectonically controlled relative sea-level fluctuations and variations in sediment supply, as well as
climatic factors (e.g. Prosser, 1993; Farseth and Lien, 2002; Gawthorpe and Leeder, 2002).

2 Geological background

The study areas in this thesis are located on the SW Barents Shelf (Paper I), the mid-Norwegian
continental margin (Paper II), and Spitsbergen at the exhumed and exposed NW corner of the NCS
(Paper III). Figure 2.1 gives a complete overview of the study areas, seismic data and exploration
wells used in this study.

Characteristic for the Cretaceous period is a warm, greenhouse climate (Scotese et al., 2021),
apparently with no polar ice caps, and the progressive and continued fragmentation of Pangaea during
recurrent and widespread rifting events in the Late Jurassic — Early Cretaceous. In addition, this was
associated with supra-regional volcanic activity emplacing multiple Large Igneous Provinces (LIPs)
around the globe. The eustatic sea-level was historically high worldwide with extensive, shallow shelf
seas bordering most of the continents, and as a response to igneous activity, oceanic anoxia and
stagnation was a recurring phenomenon. The deep rifted basins on the NCS formed and evolved
during this period and display structurally complex geometries and configurations. The following
subchapters briefly outlined the geological settings of the main regions central to this study, starting in
the south.
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Fig. 2.1 Geographic and structural map indicating the extent of the study area, together with seismic and well data
utilized in this PhD-project. This project has three main regions of focus: the SW Barents Shelf (Paper 1), the mid-
Norwegian Margin (Paper Il), and Spitsbergen (Paper Ill). The location and orientation of the regional transects (a
and b) are shown. The red polygon indicates the extent of the study area. The white area along the Lofoten-
Vesteralen margin is not included in the study. Structural elements after Blystad et al. (1995).

2.1 The mid-Norwegian margin

The mid-Norwegian margin consist of three main regions, which are separated by fracture zones or
lineaments (Brekke, 2000; Faleide et al., 2015; Zastrozhnov et al., 2020). These are the Mere, Voring
and Lofoten-Vestredlen regions. The Vering Basin is a deep rift-basin and comprise several
intrabasinal highs and have complex bathymetry (Fig. 2.1). The basin was mainly formed during the
Late Jurassic — earliest Cretaceous regional extension event, which involved strike slip adjustment
along the old lineaments. Thus, the preexisting structural grain influenced the overall geometry and
segmentation of this deep rifted basin (Rotevatn et al., 2018; Zastrozhnov et al., 2020). In many places
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the base of the Cretaceous succession is deeper than 7s two-way-travel time (Brekke, 2000). As such,
the thickness of the Vering Basin succession record the combination of high rates of thermal and load
induced subsidence and high influx of sediments derived from the conjugated margins of
Fennoscandia and East Greenland (e.g. Gawthorpe and Leeder, 2002; Faerseth and Lien, 2002;
Zastrozhnov et al., 2020). Consequently, much of the structural relief in the Voring Basins was healed
by mid-Cretaceous times (Fig. 2.2) (Faleide et al., 2015).

The Lower Cretaceous succession on the mid-Norwegian margin consist of the Lyr (Late Berriasian —
early Aptian), Langebarn (Berriasian — Late Albian) and Blalange formations (Early Cenomanian —
earliest Coniacian), cf. Dalland et al. (1988) revised by Gradstein et al. (2010). These formations were
deposited under predominantly open marine conditions. As evident my the dark grey to brown
mudstones which dominate the succession. Marls interbedded with carbonates (i.e. Lyr Formation),
limestone stringer and turbidite sandstones also occur in the succession (Dalland et al., 1988).

Vering Basin
) ) ) ) ) ) ) Hglland Hansen &gh Froya High SE
NW Ran Basin Dufa High Ran Ridge Hevring Subbasin Slettringen Ridg:e Golma Subbasin . Halten Terrace | Froan Basin

Pleistocene - Holocene Lower Coniacian to mid-Campanian
Lower Eocene-Pliocene Mid-Cenomanain to lower Coniacian
Lower Eocene Mid-Albian to mid-Cenomanian

Late Paleccene - earliest Eocene lavas BCU to mid-Albian

Paleocene Pre-Cretaceous (undif.)
Mid-campanian to Base Paleogene Reflective basement

G0

Fig. 2.2 Regional profile “a” extending from the Froan Basin in the SE, to the Ran Basin in the NW, showing the
general configuration of the deep Cretaceous V@ring Basin on the mid-Norwegian Margin. The location and
orientation of the regional profile is indicate in figure 2.1. Modified after Zastrozhnov et al. (2020).

2.2 SW Barents Shelf

The SW Barents Shelf is an epicontinental platform situated between the Norwegian mainland in the
south and the Svalbard archipelago in the north which represent the exhumed and exposed NW corner
of the shelf (Fig. 2.3). The most important basins for this study include the Fingerdjupet Subbasin, the
Bjerneya Basin, the Hammerfest Basin, the Tromse Basin (Figs. 2.1 and 2.3). In general, the evolution
of these basins is related to the Late Jurassic — Early Cretaceous extensional event which influenced
the entire region (Gabrielsen et al., 1990; Doré, 1995; Faleide et al., 1984; 1993a, b; Kairanov et al.,
2021).

The Tromse and Bjerneya basins are both deep marginal basins that formed during this extensional
event (Fig. 2.3). These basins have similar rift and pull-apart configuration as the Vering Basin. In
contrast, the Hammerfest Basin and Fingerdjupet Subbasin are shallow extensional basins or failed-
rift basins that formed during the same rifting event, but which also experienced local reactivation and
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uplift (Faleide et al., 1993a, b; 2015; Marin et al., 2020). These basins are situated in the transition
zone or along the margins of the deeper Tromse and Bjerneya Basins, respectively (Fig. 2.1 and 2.3).

The Lower Cretaceous succession on the Barents Shelf consist of the Knurr (Berriasian — Early
Barremian), Kolje (Barremian — Early Aptian) and Kolmule (Aptian — Cenomanian) formations, all
belonging to the Adventdalen Group (Parker, 1967; Dalland et al., 1988). During deposition of these
mudstone dominated formations the conditions were predominantly open marine with well oxygenated
water circulation (Dalland et al., 1988).

7321171 @
8/5-1 ) i i 7324/10-1 ) 7228/2-1 SE
Stappen High  Bjgrnsya Basin j§ Fgg;;?:iﬁet Svalis Dome Bjarmeland Platform "} Nordkapp Basin

Cenozoic undiff Mid-Upper Triassic

Neogene I Mid. Triassic

Paleogene I Lower Triassic Il

1 Upper Cretaceous Hll Lower Triassic | - undiff. T T T T T T T T T
Lower Cretaceous [l Permian

I Jurassic I Salt (Carboniferous)

Fig. 2.3 Regional profile “b” extending from the Nordkapp Basin to the Stappen High, displaying the main
structural features of the Barents Shelf. The orientation and location of this profile is shown in figure 2.1. Modified
after Smelror et al. (2009).

2.3 Svalbard

The Svalbard archipelago is the uplifted and exposed northwestern corner of the Barents Shelf. The
study area is situated on Spitsbergen, the largest island of the Svalbard archipelago (Fig. 2.1). In the
Early Cretaceous, Svalbard formed part of a regional epicontinental basin (Steel and Worsley, 1984;
Grundvég et al., 2017). Shallow marine and paralic deposits belonging to the Rurikfjellet (Valanginian
to Hauterivian) and Helvetiafjellet (Barremian to lower Aptian) formations was deposited along the
western to northern margin of the subsiding epicontinental basin and was distributed by shelf
processes across a southwards-sloping ramp shelf (Midtkandal and Nystuen, 2009; Grundvag et al.,
2020; Jelby et al., 2020). This fluvial to paralic system hosted amongst others lagoons, estuaries and
marshes. Substantial amounts of terrestrial organic matter accumulated in these environments and its
preservation led to the formation of coals and shales with high organic content. The Spitsbergen part
of the platform experienced significant southward tilting in the Barremian (Gjelberg and Steel, 1995),
which was accompanied by some minor fault activity and reactivation of older Paleozoic lincaments in
eastern Spitsbergen (Nemec et al., 1988; Onderdonk and Midtkandal, 2010; Olaussen et al., 2018)



3 Scientific approach

This study utilizes three main datasets. These are: 1) regional 2D reflection seismic data, ii) well data,
attached with full sets of wireline logs, and iii) a geochemical database with Rock-Eval and GC-FID
results. This chapter outlines the scientific approach and its limitations.

3.1 Aim and objectives

Identifying the thickness, organofacies, and overall quality of the organic-rich units by combining and
integrating various data types provides new knowledge that could decrease risk in exploration on the
NCS and elsewhere. Hence, the main aim of this project is to improve our understanding of various
Cretaceous basins on the NCS and document the lateral distribution and potential of Cretaceous
organic-rich units in the basin fill successions.

The key objectives of this project are to:

o Interpret seismic and well data in the deep to shallow marginal basins along the SW Barents
and mid-Norwegian shelves, with the aim to map the presence/absence and spatial variations
of potential source rocks, both on a supra-regional and basinal scale. As such, source rock
evaluation of core and outcrop samples from the Lower Cretaceous succession of Svalbard are
included.

e Establish and elucidate the depositional conditions and factors that were controlling the
formation of Cretaceous organic-rich units across the NCS from south to north.

e Integrate all datasets to establish the organofacies and potential of recognized units, and
ultimately develop conceptual models for the distribution of particularly the Lower Cretaceous
source rocks in the studied marginal, offshore basins.



3.2 Data and Methods
3.2.1 Seismic data and interpretation

The overall approach follows the principals of seismic stratigraphic mapping (Mitchum et al., 1977;
Vail, 1987; Veeken, 2007). The seismic horizons recognized and mapped in the SW Barents Shelf
correspond to Cretaceous flooding surfaces which bounds a series of genetic sequences (Ferseth and
Lien, 2002; Marin et al., 2017). The surfaces was interpreted using the Petrel software. These seismic
horizons are further tied to specific wireline signals typical for organic-rich sediments, following the
methods outlined by Rider and Kennedy (2011) and Leseth et al. (2011). Interpretation of each
specific seismic horizon was first conducted in the shallow basins and terraces (e.g. Fingerdjupet
Subbasin, Hammerfest Basin and Halten Terrace). This allowed for high confidence in our
interpretations given the high resolution and quality of the seismic data on relative shallow depths. It
also made it possible with high confidence in our seismic to well ties. Subsequently, the seismic
horizon was traced to the deeper basin and more frontier areas (e.g. Bjorngya, Tromse and Vering
Basins).

The Rock-Eval data was digitalized and implemented into Petrel, making it possible to better visualize
and compare side-by-side with seismic data and wireline signals. Collectively, this approach let us
achieve our objectives and confirm the presence/absence of organic-rich units associated with its
specific seismic horizons in the subsurface. The Rock-Eval data was collected from the inhouse
databased at Wintershall Dea, but the analysis (drill cuttings and core samples) was conducted by
various independent consultant companies. Most of the Rock-Eval data is today publicly available in
the Diskos database.

Seismic attributes, more specifically the “average negative amplitude” attribute, was generated from
specific seismic horizons with a confirmed association with an organic-rich unit from the well and
RockEval data. This generation was conducted on most of the 2D seismic surveys and gathered to
form distribution maps of average negative amplitudes. This map is based on the principles that
organic matter has significant less density than surrounding marine shale and will thus produce a
negative acoustic impedance (Al) contrast in the seismic section cf. Laseth et al. (2011). The
magnitude of these negative amplitudes can to some degree be correlated with Total Organic Carbon
(TOC) cf. Loseth et al. (2011).

3.2.2 Well and Geochemical data

This project utilizes 12 exploration wells located at mid-Norwegian margin, 17 at the SW Barents
Shelf and one CO2 research well on Svalbard, in addition to samples from several outcrop sections.
The distribution of these exploration/research wells is outlined in Figure 2.1. They are also publicly
available through the Norwegian Petroleum Directorate and the Diskos database. Attached to these
wells are full setts of wireline logs which assisted in the identification and thickness estimation of the
organic-rich units in paper [ and II. A brief summary of the typical wireline responses to organic-rich
units is provided in Paper I, for details see Rider and Kennedy (2011).
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The TOC and Rock-Eval pyrolysis parameters S2, HI and Tmax was digitalized and imported into the
Petrel software in paper I and II. This gave the possibility for a powerful side-by-side comparison with
wireline logs in the well section window, but also directly on the 2D seismic data. As such, this
method allows for high confidence in establishing the presence of organic-rich units in the exploration
wells but also tying the organic-rich units to the correct seismic reflector.

The Svalbard dataset consist of 35 outcrop and core samples. All 35 samples have complete Rock-
Eval profiles, but only 5 samples have measured vitrinite reflectance and 11 samples have a full set of
GC-FID results. All analysis and measurements of these samples was conducted by Applied Petroleum
Technology AS (APT), and belonging results have been made available in the Supplementary files of
paper III (Subchapter 7.10).

To evaluate the richness, type and thermal maturity of the organic-rich units, traditional source rock
evaluation of the Rock-Eval data, following the principles of Espitalié et al. (1977), Peters (1986) and
Peters and Cassa (1994) are applied.

3.2.3 Data uncertainty

The main limiting factor and uncertainty involved in Paper I and 11, is deteriorating seismic quality
and reflector attenuation with depth. This creates uncertainty in the seismic interpretations in the
deeper basins and might lead to the wrong stratigraphic placement of seismic horizons in the seismic
section. The interpreter has tried to limit the risk for wrong interpretation by tracing seismic horizons
carefully over fault complexes and tying them to the few exploration wells in the deeper basin
segments. Seismic mapping of the lateral extent of the organic-rich units, is limited by the vertical
resolution of the 2D seismic data, as thin and condenses organic-rich units could fall beneath the
vertical resolution (Brown, 2011). Consequently, these units will not appear with an individual
reflector in the seismic section (e.g. Laseth et al., 2011) and the seismic horizon will follow the
flooding surface. As seismic quality and vertical resolution decrease with depth, mapping of individual
reflectors becomes more uncertain in the deeper basins on the NCS (Brown, 2011). In addition, the
non-linear relationship between Al and TOC becomes unstable in the deeper basins cf. Leseth et al.,
2011. As such, the negative amplitude map presented in Paper I, only gives an indication of the
possible distribution of the organic rich units.

Although wireline logs give a higher resolution and more detailed look at the physical subsurface,
there could be complications such as drilling mud intrusions that could affect the wireline data. There
are also differences in value-standards between some of the exploration wells, giving them different
wireline values for equivalent intervals. The change in casing dimensions during drilling operation
could also alter and change the wireline logs. Overall, the well data is of high quality and applicable
for both detailed and regional studies.

Rock-Eval data is derived from drill cuttings or sidewall cores. As such, they are susceptible to
contamination during drilling operations that could alter the chemical signal (e.g. from mud intrusions,
drilling mud contamination) (Rider and Kennedy, 2011). Rock-Eval samples could also be subject to
other types of contamination and thermal alternation, such as exposure to weathering or too high
temperatures when drying the samples. There is also a great variability in the sample spacing in the
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Rock-Eval data between exploration wells, which could complicate interpretations. Abnormal values
have been checked and removed from the database when appropriate. The outcrop samples collected at
Kvalhovden and Boltodden in Svalbard are also prone to weathering, which can severely alter the
organic composition (Clayton and Swetland, 1978; Forsberg and Bjoray, 1983).

12



4 Summary of research papers

4.1 Paper

Hagset, A., Grundvdg, S.-A., Badics, B., Davies, R. & Rotevatn, A., 2022. Tracing Lower Cretaceous organic-
rich units across the SW Barents Shelf. Mar. Petrol. Geol. 140, 105664.
https://doi.org/10.1016/j.marpetgeo.2022.105664.

In paper I, the Lower Cretaceous succession was investigated by combining regional 2D seismic data,
wireline logs, and Rock-Eval data. The main aim for the paper was to document the presence of Lower
Cretaceous organic-rich units and map their lateral extent on the SW Barents Shelf. In addition, the
paper aim to establish the petroleum potential and the depositional conditions during formation of
these organic-rich units. The mapped seismic horizons associated with organic-rich units corresponds
to regionally extensive flooding surfaces, previously documented by Marin et al. (2017). Paper I thus
builds on the sequence stratigraphic framework established by Marin et al. (2017, 2018a, 2018b) and
Serck et al. (2017) in the shallow Hammerfest Basin and Fingerdjupet Subbasin. In the deeper Tromse
Basin, the seismic interpretation and sequence stratigraphic sub-division builds on the recent work of
Kairanov et al. (2021).

In seismic data, the flooding surfaces appear as negative amplitude reflectors which can be traced from
the shallow basins on the platform into the deeper basins along the western shelf margin. Moreover,
these negative amplitude reflectors can be tied to intervals exhibiting increased organic carbon
contents in numerous exploration wells. Four potential source rock units seems to occur in the Lower
Cretaceous succession on the SW Barents Shelf. These are the: (1) upper Hauterivian, (2) Barremian,
(3) lower Aptian, and (4) upper Cenomanian units. Negative amplitude maps was generated for the
lower Aptian and upper Cenomanian units. This map gives a first-hand indication on the lateral
distribution of the organic-rich units. The lower Aptian unit is confined to fault-bounded depocenters.

The source rock potential of each specific unit was assessed using traditional Rock-Eval data. Our
findings indicate that the Barremian and Hauterivian organic-rich units have a local potential in the
Hammerfest Basin. These units exhibit a kerogen Type II organofacies in this structurally restricted,
fault-bounded depocenter. However, these units cannot be traced further towards the deeper Tromse
Basin. The most prolific organic-rich units were encountered in the Fingerdjupet Subbasin. Here, a
lower Aptian unit, exhibit a clear kerogen Type Il organofacies and high Hydrogen index (HI) values,
typical for prolific oil-generating source rocks. This prolific unit was also deposited in a fault bounded
depocenter. The upper Cenomanian unit appear to have a semi-regional distribution and displays a
clear negative amplitude that could be easily traced across the basins. However, from the available
well and RockEval data, no source rock potential was established to be associated with the
corresponding seismic horizon. Thus, we suggest that the deposition and preservation of the prolific
organic-rich units on the SW Barents Shelf margin are coupled to localized, fault bounded
depocenters, mainly controlled by Late Jurassic — Early Cretaceous rifting and local reactivation
events.
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4.2 Paper ll

Hagset, A., Grundvdg, S.-A., Badics, B., Davies, R., & Rotevatn, A., 2023. Deposition of Cenomanian —
Turonian organic-rich units on the mid-Norwegian Margin: controlling factors and regional implications.
Mar. Petrol. Geol. 149, 106102. hitps.//doi.ore/10.1016/j.marpetgeo.2023.106102

In paper II, the Lower to middle Cretaceous succession was investigated on the mid-Norwegian
margin, using similar methodology as in paper I. The main aim was to document the presence of the
organic-rich units, evaluate their source rock potential and map their lateral extent on the mid-
Norwegian margin. Our findings indicate that Hauterivian, Barremian, and lower Aptian organic-rich
units are present on the Halten and Denna Terraces but are severely eroded or condensed elsewhere in
the study area. These units cannot not be tied to the deeper Vering Basin succession due to the lack of
well data, diminishing seismic quality and uncertainty. As such, our investigation focus on an organic-
rich unit corresponding to the Cenomanian/Turonian boundary interval which is associated with the
global anoxic event OAE II (e.g. Arthur et al., 1987; Leckie et al., 2002; Schlanger and Jenkyns, 1976;
Jenkyns, 1980) and deposition of prolific source rock units elsewhere (Dor¢ et al., 1997).

The seismic reflector associated with this upper Cenomanian organic-rich unit is regionally distributed
and can be tied to many of the exploration wells situated in the outer part of the Vering Basin. Source
rock evaluation indicate that the organic-rich unit have an elevated potential on the Halten Terrace.
Here, samples display increased TOC and S2 values, and a kerogen Type III-II composition in
exploration wells 6507/2-3 and 6506/11-3. However, although the organic-rich unit was demonstrated
to be early mature and record increased organic content, the low hydrogen index values unfortunately
indicate a limited source rock potential.

In the deeper segments of the Vering Basin, the seismic reflector corresponding to the upper
Cenomanian organic-rich unit can be traced and tied to a few key exploration wells. In these wells
there are limited amount of datapoints across the Cenomanian/Turonian boundary interval. However,
one sample from the Vigrid Syncline (Well 6705/10-1) which display elevated S2 and HI values and
have a kerogen Type Il composition, may suggest that there could be a localized potential along the
margins of the syncline.

Moreover a conceptual model outlining the variable depositional environments and the controlling
factors is presented and discussed. The model highlights the basin configuration and the influence of
upwelling, as well as the inferred influence and contribution of the OAE II. Finally, we discuss the
extreme sedimentation rates along the mid-Norwegian margin during the Early Cretaceous, erosion by
gravity flows, and periodically oxygenated conditions that hindered preservation of sufficient
quantities of organic matter. The combination of these factors appear to effectively have limited the
potential of the proposed upper Cenomanian organic-rich source rock unit on the mid-Norwegian
margin.
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4.3 Paper lll

Hagset, A., Grundvdg, S.-A., Wesenlund, F., Badics, B. & Thieflen, O., 2023. Source rock evaluation of
Hauterivian-Barremian (Early Cretaceous) paralic deposits in Svalbard. Manuscript prepared for submission
to journal of Petroleum Geoscience.

In paper 111, the uppermost part of the Rurikfjellet (Hauterivian) and the Helvetiafjellet formations
(Barremian —lower Aptian) on Spitsbergen is investigated, aiming at evaluating the source rock
potential of inferred organic-rich intervals within this overall paralic succession. The study combines
outcrop samples from Kvalhovden and Boltodden in eastern Spitsbergen and core samples from the
DH6 well in Adventdalen, central Spitsbergen (Fig. 2.1). As these paralics are of no commercial
interest, the motivation for the study is linked to the possible presence of analogous deposits in time-
equivalent clinoform packages on the Barents Shelf south of Spitsbergen. The paper investigates
organic-rich units related to certain depositional environments established by previous workers
including sediments deposited in lagoons, interdistributary bays, coastal plain lowlands, and prodelta
settings. Special attention is paid to a retreating barrier-lagoonal system associated with the
transgressive development of the Helvetiafjellet Formation. This system, which deposits occur in the
uppermost marine influenced part of the formation, might theoretically have fostered restricted and
oxygen deficient conditions promoting the accumulation and preservation of organic matter.
Moreover, the samples from Kvalhovden represent prodelta fines deposited in a large slump scar,
which developed close to the Lomfjorden Fault Zone in eastern Spitsbergen. This slump scar mini-
basin, which hosts a series of partly rotated slump blocks and in-situ buttress blocks, may have
promoted restricted conditions, in similar fashion as rotated fault blocks in the rift basins on the SW
Barents Shelf, albeit at an order of magnitude smaller.

By combining TOC, Rock-Eval, GS-FID and vitrinite data we have established that samples belonging
to the Rurikfjellet Formation, which consists of silty shales deposited in an open marine, prodelta
setting, yield the poorest petroleum potential of all the samples in the dataset. Thus, the organofacies
was established to be Type III — IV, which is consistent with the GC-FID results that indicates a
distinct terrestrial signature for the organic matter. This interpretation is in line with previous work and
confirms the deltaic origin of this unit. Furthermore, samples from the uppermost part of the
Helvetiafjellet Formation in central Spitsbergen, which consists of mudstones deposited in a lagoonal
setting, display low TOC and S2 and HI values, like the silty shale samples from the Rurikfjellet
Formation. Thus, our results suggests that the hypothesized retreating barrier-lagoonal system did not
provide favorable conditions for preserving organic matter in central Spitsbergen. The prodelta
mudstone samples from the Kvalhovden locality, which was deposited in a slump scar mini basin, all
have organic matter of a kerogen Type IV composition. Furthermore, they exhibit low TOC, Rock-
Eval S2 and HI values, and the GC-FID results indicate that the organic matter was of terrestrial
origin, deposited in an oxidizing environment As such, the prodelta deposits yield a low petroleum
potential, which indicate that the slump scar was well ventilated and did not foster favorable
conditions for source rock development.

The most prolific samples all belong to the Helvetiafjellet Formation and were collected in well DHO,
the Kvalhovden, and the Boltodden localities. These samples, which consists of coal to coaly shale
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deposited in coastal plain lowlands and interdistributary bays, contains organic matter of kerogen
Types II/III — Il composition. However, intermediate HI values, typical of coal, is effectively limiting
the potential of these deposits and suggest that they are a mixture of oil and gas prone units. Vitrinite
reflectance, Tmax and sterane isomerization ratios indicate that these source rocks are peak mature. The
GC-FID results confirm that the organic matter in all the samples is mostly of terrestrial origin,
deposited in an oxidizing environment which was highly susceptible to biodegradation.

To conclude, our analyses indicate that the organic-rich deposits of the Rurikfjellet and Helvetiafjellet
formations appear to have a low potential. Consequently, their importance with respect to regional
exploration seems limited.
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On the Barents Shelf, the northernmost and least explored hydrocarbon province of the Norwegian Continental
Shelf, Upper Jurassic organic-rich shales have traditionally been given most attention as these represent the most
prolific source rock unit of the region. However, in the western frontier areas of the Barents Shelf, the Upper
Jurassic is too deeply buried. By combining high-resolution 2D seismic data, well logs, and digitalized Rock-Eval
data, this study documents the lateral distribution and variability of alternative source rock units within the
Lower Cretaceous succession on the SW Barents Shelf. Negative high-amplitude anomalies are traced from
shallow basins on the platform westward into deeper basins along the western shelf margin. The anomalies are
tied to intervals of increased total organic carbon contents in several exploration wells, and we thus establish the
presence of four potential source rock units; these are the (1) upper Hauterivian, (2) Barremian, (3) lower Aptian,
and (4) upper Cenomanian units. Based on the distribution of the associated seismic anomalies, we infer that the
deposition and preservation of these organic-rich units are coupled to localized, fault bounded depocenters,
mainly controlled by Late Jurassic — Early Cretaceous rifting and local reactivation events. The lower Aptian
stands out as the most significant source rock unit, particularly in the Fingerdjupet Subbasin, where it displays a
kerogen Type II composition. The distribution and development of this oil-prone source rock unit is linked to an
early Aptian fault reactivation event. Due to increased sediment influx in combination with high subsidence rates
during the Albian to Cenomanian, potential pre-Aptian source rock units appear to have undergone too deep
burial in the Tromsg and Bjgrngya basins to be presently generative. Furthermore, organic matter dilution due to
increased sedimentation rates seems to have reduced the overall potential of the upper Cenomanian unit.

1. Introduction producing oil and gas fields (Demaison et al., 1983; Cooper et al., 1984;
Isaksen et al., 2001; Marin et al., 2020). This has left alternative source
rock units to be considered as insignificant or even neglected (Ohm

et al., 2008). This is also the case for the Barents Shelf, the northernmost

The presence of a thermally mature and viable source rock unit is one
of the key risk factors in oil and gas exploration (White, 1993; Katz,

2005). Several factors may influence the development of a potential
source rock unit, including primary organic production, preservation
environment, and sedimentation rate (Pedersen and Calvert, 1990;
Arthur et al., 1994; Calvert et al., 1996; Bohacs et al., 2005; Katz, 2005).
In addition, the tectonic setting of a basin may represent an important
first-order control on processes such as accommodation development (e.
g. subsidence and burial) and water mass circulation that are vital for
source rock development (Demaison et al., 1983; Gawthorpe et al.,
2000). Across the Norwegian Continental Shelf (NCS), Upper Jurassic
organic-rich shales have traditionally been given the most attention, as
these represent the main source rock unit charging most of the largest
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and least explored hydrocarbon province of the NCS. Across large parts
of the NCS, the widely distributed Upper Jurassic source rock unit was
generally deposited during a period characterized by active faulting
forming structurally restricted basins that were ideal sites for the
accumulation and preservation of organic matter (e.g. Faleide et al.,
1984; Leith et al., 1993; Jongepier et al., 1996; Langrock et al., 2003;
Marin et al., 2020). However, despite its extensive distribution across
the SW Barents Shelf, the traditional Upper Jurassic source rock unit
only appears to be mature in a narrow belt along the western margin of
the Hammerfest Basin and on the margins of the Loppa High (Dore,
1995; Marin et al., 2020). In the deeper marginal basins further to the
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west, the Upper Jurassic source rock unit has been buried very deeply
and is over-mature (Ohm et al., 2008). Documenting the presence of
alternative source rock units at stratigraphic shallower intervals is,
therefore, crucial for exploration success in these frontier areas.

Such alternative source rock units may occur in the Lower Creta-
ceous and Paleogene successions (Leith et al., 1993; ()ygard and Olsen,
2002; Seldal, 2005; Lerch et al., 2017; Sattar et al., 2017). Several
exploration wells have confirmed the presence of Lower Cretaceous
source rock units in the Fingerdjupet Subbasin (e.g. 7321/9-1) and in
the western part of the Hammerfest Basin (e.g. 7120/6-3 S) (NPD

Marine and Petroleum Geology 140 (2022) 105664

previously been linked to Lower Cretaceous source rocks by biomarkers
(e.g. wells 7120/10-1, 7120/1-2, 7120/2-3 S, 6706/12-2, 6305/8-1,
and 6405/7) (Lerch et al., 2017; NPD Factpages, 2021), and on the
Mid-Norwegian Shelf are several oil discoveries identified as sourced by
Cretaceous source rocks (Matapour and Karlsen, 2017). A regionally
extensive, gas condensate-prone source rock unit of early Aptian age
have been identified onshore Svalbard at the northwestern corner of the
Barents Shelf (Midtkandal et al., 2016; Grundvag et al., 2019). In
addition, oil stains discovered in sandstones onshore northeastern
Greenland indicate the presence of a Cretaceous-age source rock

Factpages, 2021). Moreover, some petroleum discoveries have (Bojesen-Koefoed et al., 2020). However, there are large uncertainties
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related to the presence, stratigraphic position, and lateral distribution of
Lower Cretaceous source rock units offshore, particularly in the deep
basins along the western shelf margin. The regional significance of
Lower Cretaceous source rocks is, therefore, still largely unclear (Dore,
1995; Mann et al., 2002; @ygard and Olsen, 2002; Seldal, 2005; Lerch
et al., 2017). Thus, a detailed investigation of organic-rich units exhib-
iting source rock potential within the Lower Cretaceous succession
seems essential in developing new play models and reducing exploration
risk in the western frontier areas of the Barents Shelf.

By combining high-resolution regional 2D seismic data, well logs,
and a digitalized Rock-Eval database, this study documents the lateral
and stratigraphic distribution and variability of potential source rock
units within the Lower Cretaceous succession on the southwestern
Barents Shelf (Fig. 1). In particular, this study applies traditional source
rock evaluation methods (sensu Peters and Cassa, 1994) to establish the
potential and quality of the recognized potential source rock units in the
shallow basins located on the interior platform part of the shelf (e.g. the
Fingerdjupet Subbasin and Hammerfest Basin). This analysis will further
aid in mapping the lateral and stratigraphic distribution of potential
source rock units in the deeper marginal basins (e.g. the Tromsg and
Bjgrngya basins). Finally, various factors that controlled the develop-
ment and distribution of the investigated organic-rich intervals, such as
the tectono-sedimentary evolution of the various basins, are evaluated
and discussed.

2. Geological framework
2.1. Structural setting

The Barents Shelf is an epicontinental platform situated between the
Norwegian mainland in the south, the Svalbard archipelago and Franz
Josef Land to the north, and Novaya Zemlya to the east/southeast
(Fig. 1). Following the Caledonian orogeny in the Late Silurian — Early
Devonian, the shelf has undergone multiple phases of extension and
subordinate compression, which have resulted in a complex pattern of
fault-bounded basins and highs, as well as platform areas and smaller
inversion-related structures (Faleide et al., 1984, 1993a, 1993b, 2008;
Riis et al., 2014). The main extensional, basin-forming phases occurred
during i) the Late Devonian associated with the collapse of the Caledo-
nian orogenic belt, ii) the Late Carboniferous, iii) the Late Permian —
Early Triassic, iv) the Late Jurassic — Early Cretaceous, and v) finally
during the complete opening of the NE Atlantic rift system during the
Late Cretaceous — Early Paleogene (Faleide et al., 2008, 2015).

The most important basins for this study include: 1) the Fingerdjupet
Subbasin; 2) the Bjgrngya Basin; 3) Hammerfest Basin; and 4) the
Tromsg Basin (Fig. 1). In general, the evolution of these basins is related
to the Late Jurassic — Early Cretaceous extensional event. A brief outline
of their structural development is given below.

2.1.1. Fingerdjupet Subbasin

The Fingerdjupet Subbasin is considered to be the shallow north-
eastern extension of the Bjgrngya Basin. Its southern and western
boundaries are defined by the Leirdjupet Fault Complex (LFC) (Gabri-
elsen et al., 1990; Faleide et al., 1993a), whereas the Bjarmeland Plat-
form and the Loppa High defines its eastern and southeastern
boundaries (Gabrielsen et al., 1990, Fig. 1). The Fingerdjupet Subbasin
is characterized by a horst and graben configuration, with a series of
faults that developed during Late Jurassic extension and local reac-
tivation during the Early Cretaceous (Faleide et al., 1993b). This in-
cludes the Randi Fault Set (RFS), situated in the eastern transition to the
Bjarmeland Platform (Serck et al., 2017). Furthermore, an Aptian
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extensional event is well documented in the Fingerdjupet Subbasin
(Faleide et al., 1993a; Clark et al., 2014; Blaich et al., 2017; Serck et al.,
2017). This fault activity initiated the formation of localized wedges and
contributed to the uplift of the northern parts of Loppa High (Indrever
et al., 2017; Marin et al., 2017). Because of Cenozoic uplift and erosion
(Henriksen et al., 2011; Lasabuda et al., 2018, 2021) only the lowermost
part of the Lower Cretaceous succession is preserved in the basin.

2.1.2. Bjgrngya Basin

The NE-SW-oriented Bjgrngya Basin is bounded by the LFC to the
east, by the Bjgrngyrenna Fault Complex (BFC) to the southeast, and by
the faulted margin of the Stappen High to the northwest (Fig. 1), cf.
Gabrielsen et al. (1990). Structuring of the Bjgrngya Basin is also
attributed to the Late Jurassic — Early Cretaceous extensional event
(Faleide et al., 1993a, 1993b). Consequently, most of the basin infill is of
Early Cretaceous age (Gabrielsen et al., 1990; Faleide et al., 1993a). The
basin was affected by faulting and local inversion in association with the
BFC and uplift of the Stappen High during the Late Cretaceous and
Paleogene (Faleide et al., 1993a).

2.1.3. Hammerfest Basin

The Hammerfest Basin is an elongated ENE — WSW oriented basin,
located south of the Loppa High (Fig. 1). The Ringvassgy-Loppa Fault
Complex (RLFC) separates it from the deeper Tromsg Basin to the west,
while the Asterias Fault complex (AFC) separates it from the Loppa High
(Gabrielsen et al., 1990). Its southern border is defined by the
Troms-Finnmark Fault Complex (TFFC), which separates the basin from
the Finnmark Platform (Gabrielsen et al., 1990). Structuring of the
Hammerfest Basin is mainly attributed to extension in Triassic and Late
Jurassic to Early Cretaceous times (Berglund et al., 1986; Gabrielsen
et al., 1990; Faleide et al., 1993a). Local compression has also been
documented (Sund, 1984; Gabrielsen et al., 1997; Indrever et al., 2017).
Uplift and doming along the central basin axis started in the Middle
Jurassic (Berglund et al., 1986) and extended into the Early Cretaceous
(Berglund et al., 1986; Faleide et al., 1993a). Consequently, new depo-
centers formed along the boundaries of the Hammerfest Basin (Marin
et al.,, 2017). The uplift ceased in the early Barremian (Faleide et al.,
1993a), leaving most of the Barremian — Aptian succession confined
within the faulted boundaries of the basin (Marin et al., 2017, 2018b).

2.1.4. Tromsg Basin

The Tromsg Basin is an NNE — SSW-oriented basin that transitions
southwards into the Harstad Basin, eventually terminating against the
TFFC (Fig. 1). The BFC and the Veslemgy High define its northern
boundary, separating it from the Bjgrngya Basin. The RLFC delineates
the eastern boundary towards the Hammerfest Basin, while the Senja
Ridge marks its western boundary (Gabrielsen et al., 1990). As the North
Atlantic rift system advanced northward during the Middle Jurassic —
Early Cretaceous, deep basins formed along the southwestern Barents
Shelf margin (Faleide et al., 1993a, 1993b). The Early Cretaceous
extensional event in the Tromsp Basin was focused along the NE-SW
trending RLFC and the BFC. Consequently, the Tromsg Basin experi-
enced rapid subsidence, creating immense accommodation space for
Cretaceous sediments, preserved as an up to ca. 8 km thick succession
(Rgnnevik et al., 1982; Gabrielsen et al., 1990; Faleide et al., 1993a,
2008; Clark et al., 2014; Indreveer et al., 2017; Kairanov et al., 2021). A
total of three Early Cretaceous extensional phases have been docu-
mented for the Tromsp Basin (Berriasian — Valanginian, Hauterivian —
Barremian and Aptian — Albian) (Faleide et al., 1993a; Kairanov et al.,
2021). In addition, Late Palaeozoic salt deposits were mobilized by rapid
subsidence and differential loading during Albian times, triggering
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diapirism in the central parts of the basin (Kairanov et al., 2021).

2.2. Lower Cretaceous stratigraphy and depositional systems

The Lower Cretaceous succession on the Barents Shelf is divided into
the Knurr (Berriasian — Early Barremian), Klippfisk (Late Berriasian —
Hauterivian), Kolje (Barremian — Early Aptian) and Kolmule (Aptian —
Cenomanian) Formations (Fig. 2), collectively assigned to the Adven-
tdalen Group (Parker, 1967; Dalland et al., 1988). Because there are
some age-related uncertainties in correlating these units across the
various basins, the Lower Cretaceous succession was recently sub-
divided into seven genetic sequences (SO — S6; Fig. 2) bounded by
regionally extensive flooding surfaces (Marin et al., 2017). Sequences SO
and S1 corresponds to the Knurr and Klippfisk formations, whereas
sequence S2 correspond roughly to the Kolje Formation, and sequences
S3 to S6 represents the Kolmule Formation (Marin et al., 2017, Fig. 2).

On the SW Barents Shelf, the Lower Cretaceous succession was
generally deposited in open marine shelf environments, affected by
periods of restricted bottom circulation (Dalland et al., 1988). The
dominant lithology of the succession is grey-brown mudstones with in-
terbeds of siltstone, limestone, and local sandstones (e.g. Worsley et al.,
1988; Bugge et al., 2002; Seldal, 2005). The up to 285 m thick (as
measured in well 7120/12-1) mudstone-dominated Knurr Formation
(Valanginian-early —Barremian), and the laterally equivalent
carbonate-dominated Klippfisk Formation (Valanginian-Hauterivian)
on the eastern platform areas constitute the lowermost part of the Lower
Cretaceous succession (Dalland et al., 1988; Smelror et al., 1998). These

Fingerdjupet Sub-Basin
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are both condensed units containing multiple stratigraphic gaps (Smel-
ror et al., 2009). Sandstone units emplaced by gravity-flow process occur
locally near structural highs (Seldal, 2005; Sattar et al., 2017; Marin
et al., 2018a).

The up to 437 m thick (as measured in well 7119/12-1) mudstone-
dominated Kolje Formation (Barremian — earliest Aptian) was depos-
ited in a shelf setting under generally well-oxygenated, open marine
conditions (Dalland et al., 1988). A large-scale delta system prograding
from the NW, reached the Fingerdjupet Subbasin in Barremian — Aptian
times, as evident by the presence of several clinoform-bearing sequences
in the upper part of the Barremian succession (Grundvag et al., 2017;
Marin et al., 2017; Midtkandal et al., 2019). A regionally extensive
flooding surface, which caps the clinoforms, separates the Kolje For-
mation from the overlying Kolmule Formation (Grundvag et al., 2017;
Serck et al., 2017; Marin et al., 2018b).

The up to 950 m thick (as measured in well 7119/12-1) mudstone-
rich and sandstone-bearing Kolmule Formation (Aptian-Middle Cen-
omanian) was deposited in response to significant uplift of the north-
eastern Barents Shelf, particularly during the Albian. Large amounts of
sediments were shed off uplifted terranes and transported towards the
rapidly subsiding basins along the southwestern shelf margin, such as
the Harstad, Tromsg and Bjgrngya basins (Faleide et al., 1993a, 1993b;
Smelror et al., 2009). Consequently, a large delta system prograded from
the E to NE onto the SW Barents Shelf in the Aptian — Cenomanian
(Grundvag et al., 2017; Marin et al., 2017; Midtkandal et al., 2019). At
these times, the shelf was generally characterized by well-oxygenated,
open marine conditions (Smelror et al., 2009).
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Fig. 2. (A) Lithostratigraphic overview of the Lower Cretaceous succession on the SW Barents Shelf. Marin et al. (2017) subdivided the succession into seven genetic
sequences (SO to S6) bounded by regionally extensive flooding surfaces (KO to K6). This study conform to this sequence stratigraphic framework, but applies its own
nomenclature for the flooding surfaces which refer more accurately to their stratigraphic position (similar to the naming convention of Serck et al., 2017). The
chronostratigraphic chart has been modified after Cohen et al. (2013). (B) Correlation of four selected wells showing the distribution of the sequences and the extent
of the flooding surfaces across the study area. In this study, four of the flooding surfaces are linked to potential source rock units (marked by source rock symbol in
Fig. 2A), which are associated with increased total organic carbon (TOC) contents in the wells. The TOC logs are based on Rock-Eval data from either sidewall cores
or drill cuttings. Well locations is displayed in Fig. 1. Abbreviations: iuCn: intra upper Cenomanian, iuAl: intra upper Albian, ilAl: intra lower Albian, ilA: intra lower
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3. Data and methods
3.1. Seismic data

This study includes several high-resolution regional 2D seismic sur-
veys (NBR, 2006-2012). The different orientation and spacing (1-8 km)
of the 2D lines make up a grid that spans the study area, thus forming a
regional pseudo 3D-grid. The acquisition of these surveys took place
over a period of several years, resulting in varying quality between the
surveys. In general, frequencies are in the range of 10-50 Hz, while the
polarity convention for the dataset is zero-phase normal polarity,
following the nomenclature of Sheriff (2002). The description of
reflection configurations and seismic geometries follow the terminology
established by Mitchum et al. (1977).

Confidence of the seismic interpretations within the deeper basins is
strongly affected by a decreasing seismic quality with depth. In addition,
no well data were available for either the central parts of the Tromsg or
the Bjgrngya basins.

3.1.1. Seismic response to organic-rich intervals and mapping of potential
source rock units

Mudrocks with total organic carbon (TOC) contents >3 — 4% typi-
cally have significantly lower acoustic impedance and higher intrinsic
anisotropy than mudrocks with lower amounts of organic content. The
general density of kerogen is typical in the range of 1.1-1.4 g/cm?, while
mudrocks generally have a density of 2.7 g/cm® (Lgseth et al., 2011;
Rider and Kennedy, 2011). Organic matter will, therefore, influence the
seismic response trough compressional velocity (Vp), shear velocity
(Vs), bulk density, anisotropy, and attenuation (Lgseth et al., 2011). A
potential source rock unit may thus result in a high amplitude reflection
characterized by a negative top and a positive base (Lgseth et al., 2011).
Furthermore, the acoustic impedance contrast is relatively stable down
to a depth of c¢. 4500 m and decreases nonlinearly with increasing TOC
content (Lgseth et al., 2011). This has clear implications for the Lower
Cretaceous succession, which is buried at depths down to 5-7 s
two-way-travel time, in the deep Bjgrngya and Tromsg basins (Gabri-
elsen et al., 1990; Kairanov et al., 2021).

The seismic mapping thus specifically targets the top of potential
source rock units as these are displayed as negative high-amplitude
anomalies in the data. Biostratigraphic age determination of the map-
ped reflectors are guided by well tops from the publicly available
database of the Norwegian Petroleum Directorate (NPD Factpages,
2021) and from in-house data provided by Wintershall-Dea Norway. In

Table 1
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the deep Tromsg and Bjgrngya basins, well 7219/8-1 S is a key reference
point in providing age-control of the Lower Cretaceous succession. In
most cases, the targeted reflectors seem to correspond to regionally
extensive maximum flooding surfaces documented by previous studies
(e.g. Marin et al., 2017). Thus, for regional stratigraphic context, the
genetic sequence subdivision of Marin et al. (2017, 2018a, 2018b), and
partly that of Serck et al. (2017), is used for guidance in the Hammerfest
Basin and Fingerdjupet Subbasin, respectively (with some minor modi-
fications). In the Bjgrngya Basin, the stratigraphic subdivision builds
largely on that of the Fingerdjupet Subbasin by correlating the seismic
horizons across the LFC and TFC (Fig. 1). In the Tromsg Basin, the
stratigraphic framework used in this study, builds largely on the recent
work of Kairanov et al. (2021), and by linking it to the stratigraphic
framework established by Marin et al. (2017) for the Hammerfest Basin.

To investigate lateral variability and distribution of potential source
rock units, average negative amplitude maps have been generated for
two of the high-amplitude reflectors following the workflow of Lgseth
etal. (2011). The negative amplitude map is not very reliable in the deep
basins because of deteriorating seismic quality and reflector dimming,
making a lateral correlation from the shallow basins a difficult and
time-consuming task. Consequently, amplitude maps have only been
generated for two of the mapped reflectors. The generation of the
amplitude map uses a search window of 5 ms above and 20 ms below the
interpretation of the reflector.

3.2. Well data

Seventeen exploration wells have been selected and investigated for
this study (Fig. 1 and Table 1). All the wells have an established time-
depth relationship trough calibration of check shots. Most of the wells
exhibit a common suite of wireline-logs including gamma ray (GR),
sonic (AC/DT), density (DEN), and deep resistivity (RDEP). Wireline
logs are generally regarded to be a good supplement to seismic data
when evaluating the presence of potential source rock units, Thus, to
confirm the presence of potential source rock units mapped in the
seismic data, wireline log signals are integrated with digitalized TOC
logs derived from the Rock-Eval data. The thicknesses of the potential
source rock units are estimated from the wireline data and subsequently,
TOC samples within the interval, or from stratigraphically nearby in-
tervals, are evaluated (Table 1). The typical wireline response to organic
rich units is briefly outlined below.

Overview of sample intervals and thickness of units sampled for total organic carbon (TOC) contents and Rock-Eval data. Intervals with no data are marked with “No
samples” and the stratigraphically/spatially closest sample points have been used when applicable. Intervals with no potential source rock unit is marked with “N/A”.

Exploration Hauterivian sample interval and Barremian sample Interval and Lower Aptian sample Interval and Cenomanian sample interval and

wells thickness thickness thickness thickness

7321/7-1 1498-1520 m (22 m) 1328-1348 m (20 m) 1060-1112 m (52 m) N/A

7321/8-1 1250-1289 m (39 m) N/A 859-861 m (2 m) N/A

7321/9-1 1103-1114 m (11 m) N/A 961-985 m (24 m) N/A

7219/8-1 S 3619-3751 m (132 m) 3469-3548 m (79 m) 2929-3088 m (159 m) 1573-1616 m (43 m)

7219/9-1 N/A N/A N/A 1467-1599 m (132 m)

7218/11-1 N/A N/A N/A 1626-1747 m (121 m)

7120/1-2 N/A N/A 1815-1825 m (10 m) N/A

7120/6-3 S 2662-2686 m (24 m) 2403-2451 m (48 m) 2032-2084 m (52 m) 1303-1346 m (43 m)

7120/6-1 2204-2226 m (22 m) 2063-2106 m (43 m) 1912-1953 m (41 m) N/A

7120/9-2 1870-1880 m (10 m) 1770-1809 m (39 m) 1647-1693 m (46 m) N/A

7120/8-3 2052-2070 m (18 m) 1960-1988 m (28 m) 1749-1806 m (57 m) 1121-1174 m (53 m)
No samples

7120/7-2 1986-2002 m (16 m) 1939-1970 m (31 m) 1782-1835 m (53 m) 1067-1096 m (29 m)

7120/5-1 N/A 2148-2170 m (22 m) N/A N/A

7120/7-3 2699-2720 m (21 m) 2561-2580 m (19 m) 2142-2283 m (141 m) 1423-1474 m (51 m)

7119/9-1 2647-2656 m (9 m) 2526-2559 m (33 m) 2257-2370 m (113 m) 1562-1587 m (25 m)

7119/12-3 2954-2976 m (22 m) 2738-2768 m (30 m) 2378-2446 m (68 m) 1670-1707 m (37 m)

7119/12-1 2437-2461 m (24 m) 2282-2327 m (45 m) 1909-1992 m (83 m) 1050-1094 m (44 m)
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3.2.1. Wireline responses to organic-rich units

3.2.1.1. Gamma ray log (GR). Organic-rich mudrocks commonly show
high GR values because of elevated concentrations of uranium. How-
ever, this is not always the case as uranium can be a highly mobile
element under the right conditions (Bowker and Grace, 2010; Helleren
et al., 2020). In addition, the GR-signal may be subject to various
interference from the well casing.

3.2.1.2. Sonic log (AC/DT). The presence of organic matter in
mudrocks will lower the sonic travel time (Rider and Kennedy, 2011).
This response is evidently more apparent in mature source rocks.
However, using the sonic log independently to identify organic rich
intervals is problematic, because it is impossible to separate low sonic
values caused by the presence of organic matter from low sonic values
caused by porosity changes (Rider and Kennedy, 2011).

3.2.1.3. Resistivity log (RDEP). The resistivity logs response to a source
rock depends on the maturity of the organic matter (Rider and Kennedy,
2011). In immature organic matter, the response will be small due to
high conductivity. In mature source rocks where, free petroleum are
present in voids and fractures, the resistivity will increase significantly
(Rider and Kennedy, 2011).

3.2.1.4. Density log (DEN). Mudrocks containing low amounts of
organic matter have a higher density matrix (2.67 — 2.72 g/cm®)
compared to pure organic matter (1.1 — 1.2 g/cm®). The density log will
consequently read lower values in organic rich mudrocks (Rider and
Kennedy, 2011). The presence of organic matter thus has a distinct effect
on the overall mudrock density, which also shifts the acoustic imped-
ance in the seismic data towards negative amplitudes (Lgseth et al.,
2011).

3.3. Rock-Eval data

In order to establish the richness, type, and thermal maturity of the

Bjgrngya Basin
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source rock units identified in the seismic and wireline data, traditional
source rock evaluation following the principles of Espitali¢ et al. (1977),
Peters (1986) and Peters and Cassa (1994) are used. The Rock-Eval data
presented here are based on samples derived from either sidewall cores
or drill cuttings from the 17 wells. The sample spacing varies between
each well (ranging from samples collected every 2-100 m; see Table 1
for sampling interval details), which consequently makes it difficult to
achieve a good representation of thin source rock units occurring be-
tween the sampled intervals. In these cases, the nearest samples to the
interval have been used where applicable. To establish the thermal
maturity of the potential source rock units, emphasis has been given to
Tmax values as these are numerous throughout the dataset, while the
scarce vitrinite reflectance (R,) data supplement the interpretation
when applicable.

The Rock-Eval database has been digitalized and implemented into
Petrel for each corresponding well. This makes it possible for a direct
correlation between the source rock reflections and the Rock-Eval data
at any of the well locations. The complete Rock-Eval database, including
TOC content, is given in the online supplementary file SF1.

4. Results
4.1. Seismic sequences and bounding surfaces

Seven genetic sequences (SO — S6) and their bounding surfaces (i.e.,
the BCU, iuH, iB, ilA, ilAl, iuAl, IuCn reflectors of this study, see detailed
descriptions below) are recognized within the Lower Cretaceous suc-
cession in the study area (Figs. 3 and 4), conforming to the well-
established sequence stratigraphic framework of Marin et al. (2017,
2018a, 2018b). Thus, apart from the Base Cretaceous Unconformity
(BCU), which defines the base of the Lower Cretaceous succession, the
sequence-bounding surfaces represent regionally extensive maximum
flooding surfaces that may be correlated from the Hammerfest Basin and
the Fingerdjupet Subbasin westward into the Troms¢ and Bjgrngya ba-
sins (Figs. 3 and 4; Marin et al.,, 2017). Bellow follows a seismic
description of the genetic sequences and their bounding surfaces.

Fingerdjupet Subbasin
LFC 7321/91 NE

-3000

-6000

000¢-

0009

0 10 20 30 km

Fig. 3. Interpreted composite seismic line of the southern parts of Fingerdjupet Subbasin and the NE Bjgrngya Basin showing the seven genetic sequences comprising
the Lower Cretaceous succession (SO — S6; see Fig. 2). Location and orientation of the seismic line is shown in Fig. 1. Abbreviations: iuAl: intra upper Albian, ilAl: intra
lower Albian, ilA: intra lower Aptian, iB: intra Barremian, iuH: intra upper Hauterivian, BCU: Base Cretaceous Unconformity. Seismic data courtesy TGS

and Spectrum.
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Fig. 4. Interpreted composite seismic line of the Tromsg Basin and the NW corner of the Hammerfest Basin, showing the seven genetic sequences comprising the
Lower Cretaceous succession (SO — S6; see Fig. 2). Location and orientation of the seismic line is shown in Fig. 1. Abbreviations: iuAl: intra upper Albian, ilAl: intra
lower Albian, ilA: intra lower Aptian, iB: intra Barremian, iuH: intra upper Hauterivian, BCU: Base Cretaceous Unconformity. Seismic data courtesy TGS

and Spectrum.

4.1.1. Sequence 0 (Berriasian — Hauterivian)

Sequence 0 is bounded at the base by the regionally extensive BCU,
and atop by the intra upper Hauterivian reflector (iuH). The BCU ap-
pears as a high amplitude reflector. The iuH reflector has a negative
amplitude with variable magnitude and continuity. In the shallow Fin-
gerdjupet Subbasin and the Hammerfest Basin, sequence 0 has a sub-
parallel to divergent reflection configuration with good continuity and
strong amplitudes (Figs. 3 and 4). The sequence has a wedge-shaped
geometry, were there is a distinct thickness increase towards the main
depocenters. In the deeper Bjgrngya and Tromsg basins, the reflectors
are typically subparallel and discontinuous with low amplitude.

4.1.2. Sequence 1 (Hauterivian — Early Barremian)

Sequence 1 is bounded at the base by the iuH reflector, and atop by
the intra Barremian reflector (iB). The iB reflector has a medium nega-
tive amplitude with relatively good continuity. The sequence is present
in the shallow Hammerfest Basin and Fingerdjupet Subbasin, as well as
in the deep Tromsg and Bjgrngya basins, though exhibiting varying
thickness and seismic characteristics. In the shallow basins, reflectors
are usually parallel to subparallel with strong amplitudes and good
continuity. The sequence has a sheet and wedge geometry, where
thickness variations are controlled by normal faults. In the Tromsg and
Bjgrngya basins, reflectors are subparallel and discontinuous with low
amplitude.

4.1.3. Sequence 2 (Barremian — Early Aptian)

Sequence 2 is bounded at the base by the iB reflector and above by
the intra lower Aptian reflector (ilA; Fig. 2). Reflectors within sequence
2 are subparallel and continuous with medium amplitude in the Ham-
merfest Basin. In the Fingerdjupet Subbasin, the sequence is represented
by sigmoidal clinoforms with medium to high amplitudes. In the
Bjgrngya and Tromsg basins, reflectors have a subparallel to divergent
configuration, where wedges are located close to the fault complexes (e.
g. LFC, BFC and RLFC). These reflectors have low — medium amplitude
and are discontinuous towards the deeper basin segments.

4.1.4. Sequence 3 (Aptian — Early Albian)
Sequence 3 is bounded at the base by the ilA and atop by the intra

lower Albian reflector (ilAl). Reflectors within the sequence are sub-
parallel to chaotic and amplitudes are generally low to medium. In
places, the sequence has a wedge-shaped geometry, typically thickening
towards basin bounding faults, but generally have a sheet-like geometry
in the deep basins. No visible negative high-amplitude anomalies have
been detected within this sequence.

4.1.5. Sequence 4 (Early Albian — Late Albian)

Sequence 4 is bounded at the base by the ilAl reflector and atop by
the intra upper Albian (iuAl) reflector. Reflector configurations range
from continuous and parallel to chaotic in the shallow basins, while they
are typically subparallel in the deeper basins. The amplitudes are often
medium to low. The external geometry of the sequence has sheet to sheet
drape external form.

4.1.6. Sequence 5 and 6 (Late Albian — Cenomanian)

Sequence 5 and 6 are grouped together due to similarities in internal
seismic characteristics and the internal lack of extensive and significant
negative high-amplitude anomalies. Note however, that these sequences
are seismically distinguishable from each other as demonstrated by
previous workers (e.g. Marin et al., 2017, Figs. 3 and 4). The composite
sequence 5 and 6 are bounded at the base by the iuAl reflector and atop
by the intra upper Cenomanian reflector (iuCn). The sequences and their
corresponding lower and upper bounding surfaces are widespread in the
Hammerfest and Tromsg basins and partly in the Bjgrngya Basin but are
missing/eroded in the Fingerdjupet Subbasin (Fig. 3). Internally, the
reflectors of sequences 5 and 6 are typically parallel to subparallel
continuous, with medium amplitude. These sequences generally have a
‘basin-infill’ geometry, where the greatest thicknesses occur in the
deepest parts of the respective basins.

4.2. Potential Lower Cretaceous source rock units

Four negative high-amplitude reflectors have been recognized and
mapped in detail within the study area. These are the: i) intra upper
Hauterivian (iuH; corresponding to flooding surface KO of Marin et al.,
2017), ii) intra Barremian (iB; corresponding to flooding surface K1 of
Marin et al.,, 2017), iii) intra lower Aptian (ilA; corresponding to



Table 2

Summary of seismic expression and distribution of the negative amplitude reflectors which are coupled to potential source rock units with elevated TOC values, and their typical wireline signal in key wells across the SW

Barents Shelf. The wells marked in bold record source rock units with an increased potential.

Reflector Seismic expression Occurrence Key wells Typical wireline signal GR, DEN, AC, RDEP. TOC range (average)
Continuous, low — medium negative amplitudes Fingerdjupet Subbasin 7321/7-1 78 gAPI 1.48-1.87 wt % (1.68 wt %)
2.4 g/em®
120 us/ft
Intra upper Hauterivian (iuH) 6.3 Ohm.m
Continuous, medium - high negative amplitudes Hammerfest Basin 7120/8-3 130-170 gAPI 2.09-5.73 wt % (3.47 wt %)
7120/6-3S 2.0-2.65 g/cm?
7120/6-1 90-105 us/ft
7120/9-2 3-7Qm
7119/9-1
7119/12-1
Continuous, low negative amplitudes Bjgrngya Basin 7219/8-1 S 120 gAPI 2.58-3.58 wt % (3.17 wt %)
2.4 g/cm?®
90 us/ft
3.5-5Qm
Continuous, low — high negative amplitude characteristics Hammerfest Basin 7120/6-38 115-130 gAPI 1.71-4.88 wt% (3.01 wt %)
7120/5-1 2.5-2.6 g/cm?
Intra Barremian (iB) 90-100 us/ft
3-5Qm
Discontinuous, low negative amplitude characteristics Bjgrngya Basin 7219/8-1 S 100 gAPI 1.60-2.77 wt % (2.35 wt %)
2.54 g/cm?
110 us/ft
3-4Qm
Continuous, varying amplitude, low -high negative amplitude characteristics Fingerdjupet Subbasin 7321/9-1 up to 308 gAPI 4.00-5.30 wt % (4.50 wt %)
2.23 g/cm?
No ACup to 15.7 Qm
Continuous, medium - high negative amplitude Hammerfest Basin 7120/7-3 60-85 gAPI 0.59-4.56 wt % (2.45 wt %)
Intra lower Aptian (ilA) 7120/6-3 S 2.3-2.7 g/ cm?
7119/9-1 70-100 us/ft
25-3Qm
Continuous — discontinuous, low — medium negative amplitude Bjorngya Basin 7219/8-1S 120-130 gAPI 3.07-4.42 wt % (3.44 wt %)
2.4-2.5 g/cm®
85-95 us/ft
25-42Qm
Intra upper Cenomanian (iuCn) Continuous, low — medium negative amplitude Tromsg Basin 7218/11-1 125-140 gAPI 1.54-3.44 wt % (2.68 wt %)
2.2-2.4 g/cm®
115-130 us/ft
1.9-45Qm
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Fig. 5. (A) Seismic section showing the sequence bounding flooding surfaces in the NE part of the Bjgrngya Basin and the main depocenter of the Fingerdjupet
Subbasin. Note the prominent negative amplitude associated with the ilA reflector in the Fingerdjupet Subbasin. These basins are separated by the Ringsel Ridge,
which is bounded on either side by the Leirdjupet (LFC) and Terningen Fault Complexes (TFC). (B) Composite seismic profile from the Fingerdjupet Subbasin
displaying the stratigraphic framework and seismic tie to exploration wells 7321/7-1, 7321/8-1, and 7321/9-1. TOC logs is displayed to the left and GR logs to the
right of the individual drill-stems (this is valid for all the following figures). Location of the seismic lines and the wells is shown in Fig. 1. Abbreviations: iuAl: intra
upper Albian, ilAl: intra lower Albian, ilA: intra lower Aptian, iB: intra Barremian, iuH: intra upper Hauterivian, BCU: Base Cretaceous Unconformity. Seismic data

courtesy TGS and Spectrum.

flooding surface K2 of Marin et al., 2017), and the intra upper Cen-
omanian (iuCn; corresponding to flooding surface K6 of Marin et al.,
2017) reflectors. Each of these reflectors correlate to certain wireline
signals in the wells and raised TOC contents, which are typically asso-
ciated with the presence of organic-rich units. The seismic expression,
occurrence, typical wireline signal and TOC range of these units are
summarized in Table 2 with a detailed description of each
reflector/organic-rich unit given below.

4.2.1. Intra upper Hauterivian (iuH) reflector

Fig. 5A shows the stratigraphic framework for the central basin in the
Fingerdjupet Subbasin and the transition to the Bjgrngya Basin over the
Ringsel Ridge. In addition, a composite seismic profile trough wells

7321/7-1,7321/8-1 and 7321/9-1 shows the interaction between well,
reflector and structural setting in Fig. 5B. The iuH reflector is present
across the Fingerdjupet Subbasin and can be traced laterally towards the
Bjarmeland Platform (Fig. 5B). The reflector is characterized by
continuous low — medium amplitudes, with the strongest amplitudes
recorded in the central parts of the basin (see iuH; Fig. 5A). Wells 7321/
7-1, 7321/8-1 and 7321/9-1 penetrate the iuH reflector in the Fin-
gerdjupet Subbasin (Fig. 5B). However, the unit corresponding to the
reflector has no significant TOC values or wireline signals that would
indicate a viable source rock for the area (see iuH; Fig. 6).

The iuH reflector can be traced from the Fingerdjupet Subbasin over
the Ringsel Ridge into the Bjgrngya Basin (Fig. 5A). In the Bjgrngya
Basin, the iuH reflector has a lower amplitude compared to Fingerdjupet
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Fig. 6. Correlation of wells 7321/7-1, 7321/8-1 and 7321/9-1 in the Fingerdjupet Subbasin with the BCU (Base Cretaceous Unconformity), iuH (intra upper
Hauterivian), iB (intra Barremian), ilA (intra lower Aptian) reflectors annotated. Abbreviations: GR: Gamma ray, DEN: Density, RDEP: Deep Resistivity, TOC: Total
organic content. The black circles along the TOC log are sample points. Position of the wells are shown in Fig. 1.
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Fig. 7. Seismic composite line displaying the stratigraphic framework in the southern parts of Bjgrngya Basin near the Bjgrngyrenna Fault Complex. The TOC and GR
logs is displayed along the left- and right-hand side of the drill-stems, respectively. Note the TOC spikes associated with the iuH and ilA reflectors in the Bjgrngya
Basin. Location of the seismic line is indicated in Fig. 1. Abbreviations: iuAl: intra upper Albian, ilAl: intra lower Albian, ilA: intra lower Aptian, iB: intra Barremian,
iuH: intra upper Hauterivian, BCU: Base Cretaceous Unconformity. Seismic data courtesy TGS and Spectrum.

Subbasin. However, the reflector remains continuous and can be traced
southwards parallel to the BFC. Moving east, towards the deeper parts of
the Bjgrngya Basin, the reflector dims to a discontinuous low amplitude
reflector. In the southern parts of the Bjgrngya Basin, the iuH reflector is
penetrated by well 7219/8-1 S (Fig. 7). Here, the reflector marks the top
of a potential source rock unit ranging from 3620 to 3670 m (Figs. 7 and
8). The unit has relatively good TOC content but there is a lack of

10

wireline response to the TOC values (Table 2 and Fig. 8).

In the Hammerfest Basin, the iuH reflector is widely distributed, but
onlaps towards the uplifted central high (Fig. 9). The reflector has a
medium amplitude with good continuity in the NW corner of the basin
but increase in amplitude towards the uplifted central high (see iuH;
Fig. 9). In the transition to the Tromsg Basin, the reflector dims but re-
mains continuous until the reflector extends past the RLFC. In wells



A. Hagset et al.

Marine and Petroleum Geology 140 (2022) 105664

€ 7218/11-1 7219/8-18 7120/7-3
%_ Cz\ﬁ DEN AC RDEP 2;\?%) (iﬁ DEN AC RDEP (TV\?C/E) C:JL\E DEN AC RDEP (TV\?%)
g glom3 st hm. . 9 Jomd Mt hm. & 9 fom3 ft h -
A8 220115 205240 " 4002 T 20 sy O g 1.15 % 2.05)240 " 40l02 T 20 oy 20115 %" 20 " 40j02 T 200
T T -
1400 ; ) ' 120
7 1400 : 1
. i f £
juCn ¥ A .3
‘\‘ 1600 : : ._; E
S {
i i 2000 -Y: %‘ S
2200 ;‘ ; 3 ‘;— :» l
i § 2200 | 3 £, t n
£ 3 f <
2400 § ic £ £
k4 ; 3
2600 3
2800 — f r -
A — - %

BCU

]
i

Fig. 8. Correlation panel of wells 7218/11-1, 7219/8-1 S and 7120/7-3 in the Tromsg Basin with the BCU (Base Cretaceous Unconformity), iuH (intra upper
Hauterivian), iB (intra Barremian), ilA (intra lower Aptian), and iuCn (intra upper Cenomanian) reflectors annotated. Gamma ray (GR), Density (DEN), deep Re-
sistivity (RDEP) and total organic carbon content (TOC; from Rock-Eval analysis) is included for each well. Note the prominent TOC spike associated with the ilA
reflector in well 7120/7-3 located in the faulted transition zone between the Tromsg and Hammerfest Basins. Well location is indicated in Fig. 1.
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Fig. 9. Seismic section from the Hammerfest Basin showing the NW depocenter and the uplifted central high further to the SE. Here, exploration well 7120/6-3 S is a
key well for the Lower Cretaceous succession and record spikes in the TOC-profile associated with the iuH, iB and the ilA reflectors. Abbreviations: iuAl: intra upper
Albian, ilAl: intra lower Albian, ilA: intra lower Aptian, iB: intra Barremian, iuH: intra upper Hauterivian, BCU: Base Cretaceous Unconformity. Location of the

seismic section is indicated in Fig. 1.

7120/8-3,7120/6-3 S, and 7119/9-1 the unit corresponding to the iuH
reflector have an average thickness of 17 m, and record increased TOC
contents (Table 1 and Fig. 10) The wireline logs show a response to the
increased TOC values with a drop in DEN values, and increase in both
RDEP and AC values (e.g. iuH reflector in well 7120/6-3 S; Fig. 10).
Further towards the west, the iuH reflector is downfaulted along the
RLFC into the deeper Tromsg Basin. The reflector quickly loses its
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seismic characteristics due to deeper burial but can be traced along the
NE margin of the Tromsg Basin. At this location, the iuH reflector is
discontinuous and characterized by low amplitudes. However, towards
the deeper parts of the Tromsg Basin, the reflector is too obscure to be
traced with confidence due to the large burial depth and the poorer-

quality seismic signal. In addition, there are no well data available
from the deep basin.
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Fig. 10. Well correlation from the Hammerfest Basin including wells 7120/6-3 S, 7120/8-3 and 7119/9-1 with the BCU (Base Cretaceous Unconformity), iuH (intra
upper Hauterivian), iB (intra Barremian), ilA (intra lower Aptian), and iuCn (intra upper Cenomanian) reflectors annotated. Prominent TOC spikes is associated with

the iuH, iB and ilA reflectors. Well locations are indicated in Fig. 1.

Based on the seismic amplitudes, the wireline signals, and the
elevated TOC contents, the iuH reflector is interpreted to represent a
potential upper Hauterivian source rock unit in the Hammerfest Basin.
The iuH reflector thus marks the top of this unit in well 7120/8-3, 7120/
6-3 S, 7119/9-1 and 7120/9-2, which have a clear GR-log trend with
associated high TOC values (Fig. 10). Data from well 7120/6-3 S record
high TOC values close to the Loppa High and the AFC. However, at this
location the amplitude is lower than on the central high. In addition,
well 7120/8-3, 7119/9-1 and 7120/9-2 indicate that the organic-rich
unit may hold potential in the central parts of the basin. This could
indicate that the organic-rich unit is more widely distributed in the
Hammerfest Basin, not only occurring in localized depocenters near the
Loppa High and the Finnmark Platform.

Despite a small increase in TOC in well 7321/7-1, the low amplitude
of the reflector coupled with the unfavorable wireline signals and the
generally low TOC values, indicate that there is no potential associated
with iuH reflector in the Fingerdjupet Subbasin. In the Bjgrngya Basin,
the iuH reflector has a low — medium amplitude associated with the unit
in well 7219/8-1 S. This 50 m thick unit has relatively high TOC values.
However, the low RDEP values show little to no response to possible
liquid petroleum in the unit.

4.2.2. Intra Barremian (iB) reflector

The iB reflector is extending across the entire Fingerdjupet Subbasin
as a continuous, but low amplitude negative reflector (Fig. 5A). The
reflector is penetrated by three wells in the Fingerdjupet Subbasin and
may be correlated to a unit which record a relatively small increase in
TOC contents (Fig. 5B; Table 2). However, the TOC levels are relatively
low and wireline logs indicate there is no significant response to the
slightly increased TOC values (see iB reflector; Fig. 6). From the Fin-
gerdjupet Subbasin, the iB reflector can be traced to the Bjgrngya Basin
over the Ringsel Ridge (Fig. 5A) and further south, parallel along the LFC
and BFC. The reflector is generally discontinuous and characterized by a
low amplitude close to these fault complexes. Towards the deeper parts
of the Bjgrngya Basin, the reflector dims significantly and becomes
difficult to interpret. The iB reflector intersects well 7218/8-1 S in the
southern parts of the Bjgrngya Basin, where the reflector marks the top
of an up to 250 m thick unit with elevated GR and moderate TOC values
(Table 2 and Fig. 8).

The iB reflector is distributed over the entire western margin of the
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Hammerfest Basin. The reflector is continuous, has low — high amplitude
characteristics, and interacts with all the wells in the area. However, the
reflector has its strongest amplitudes in the NW corner of the Ham-
merfest Basin, and the reflector dims towards the uplifted central high
(Fig. 9). Hence, the nearby wells 7120/6-3 S and 7120/5-1 are regarded
as key wells for the iB reflector (Table 2). Furthermore, in well 7120/6-3
S the reflector marks the top of a 48 m tick unit, where the highest TOC
values are in the uppermost section of the unit (Table 2; Figs. 9 and 10).
Laterally, the TOC content in this unit decrease, demonstrated by well
7120/8-3 situated on the central high and well 7119/9-1 located to-
wards the Tromsg Basin (Fig. 10). At the western transition towards the
Tromsg Basin, the reflector is downfaulted along the RLFC and becomes
impossible to trace in the deeper basin segments. However, the reflector
is traced close to the RLFC in the NE parts of the Tromsg Basin. At this
location, the reflector is discontinuous and has a low amplitude. There
are no wells in the Tromsg Basin that may provide age-control or
wireline data.

Based on the wireline logs, TOC values and amplitude characteristics
the iB reflector may represent a potential intra Barremian source rock
unit in the NW part of the Hammerfest Basin (i.e. wells 7120/6-3 S and
7120/5-1). The negative amplitude of the reflector increases in
magnitude towards the Loppa High and the AFC, this might indicate an
increased potential. Laterally, the extensive reflector is penetrated by all
the wells on the western margin of the Hammerfest Basin, but the TOC
contents and wireline values measured in the corresponding unit do not
indicate widespread potential. In the Fingerdjupet Subbasin, the iB
reflector is of low amplitude and the TOC content is low in wells 7321/
7-1, 7321/8-1 and 7321/9-1. In addition, there is no response in the
RDEP or GR log. Hence, there is no evidence for an intra Barremian
source rock unit in the Fingerdjupet Subbasin. In the adjacent Bjgrngya
Basin, the iB reflector marks the top of a unit exhibiting increased GR
values in well 7219/8-1 S. However, there are no increases in the TOC
values nor do the wireline logs indicate that there is any source rock
potential.

4.2.3. Intra lower Aptian (ilA) reflector

The ilA reflector is widespread in the Fingerdjupet Subbasin but is
eroded on the local highs (i.e. well 7312/8-1; Fig. 5B). Amplitude
characteristics varies laterally, but the reflector has a distinct negative
amplitude in the central basin and the southern parts of the Fingerdjupet
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Subbasin (Fig. 5A). These negative high amplitudes are illustrated in the
negative amplitude map, which show the lateral extent and magnitude
of the negative ilA reflector in the Fingerdjupet Subbasin and the
Bjgrngya Basin (Fig. 11A). Smaller bright-spots are also sporadically
present north of well 7321/9-1 and towards the eastern margin of the
Fingerdjupet Subbasin (Fig. 11A). Distribution of these high amplitudes
are delimited by local highs controlled by the TFC, LFC and RFS
(Figs. 5A-11A).

The ilA reflector is eroded in well 7321/8-1 but it intersects wells
7321/7-1 and 7321/9-1 (Fig. 5B). In well 7321/7-1, there is little
indication of a potential source rock unit as the c¢. 50 m thick unit have
low TOC and GR values (Fig. 6). In addition, the RDEP and AC logs do
not display any elevated values (Fig. 6). In well 7321/9-1, the ilA
reflector marks the top of a 24 m thick unit (levels 961-985 m; Fig. 6),
which internally contains five sections of high GR-values and elevated
TOC contents (Fig. 6) In addition, the DEN values drop and there is a
significant increase in RDEP values (Table 2 and Fig. 6).

The ilA reflector is also mapped in the Bjgrngya Basin. The strongest
negative amplitudes are in the NE part of the basin, dimming
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southwards (Fig. 11A). However, it is still possible to trace it parallel to
the LFC and BFC towards well 7219/8-1 S, where the reflector has good
continuity and a medium amplitude (Fig. 11A). The reflector is also
extending laterally towards the deeper parts of the Bjgrngya Basin,
where the reflector dims into a low amplitude reflector of poor conti-
nuity (Fig. 11A). Well 7218/8-1 S penetrates the ilA reflector and a 159
m thick unit (Table 1). The unit has a clear increase in TOC values and
wireline logs show a small response to the increased TOC values (Table 2
and Fig. 8).

The ilA reflector has a basin-wide distribution in the Hammerfest
Basin and typically has a medium to high amplitude with good conti-
nuity (Figs. 9-11B). High amplitude patches are sporadically distrib-
uted, with some confined to NW part close to the AFC (Fig. 11B). These
high amplitude patches are located some distance away from key wells
such as 7120/6-3 S and 7119/9-1 (Fig. 11B) but interact with others (e.
g. 7120/7-3).

The ilA reflector marks the top of increased TOC values in multiple
wells in the Hammerfest Basin (e.g. 7120/6-3 S, 7120/7-3 and 7119/
9-1; Figs. 9 and 10). The thickness of these units varies between each
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Fig. 13. (A) Seismic composite line covering the NE part of the Tromsg Basin and the western margin of the Hammerfest Basin. Exploration well 7218/11-1 is
located in the northern parts of Tromsg Basin and is a key well for the iuCn reflectors which is associated to an inferred upper Cenomanian source rock unit. (B)
Seismic section zoomed-in on well 7218/11-1. Here, the iuCn reflector can be traced to the Tromsg Basin across a series of small fault-bound half-graben basins. The
TOC-profile shows a pronounced response associated with this reflector. Abbreviations: iuAl: intra upper Albian, ilAl: intra lower Albian, ilA: intra lower Aptian, iB:
intra Barremian, iuH: intra upper Hauterivian, BCU: Base Cretaceous Unconformity. Location of the seismic section is indicated in Fig. 1.
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Table 3
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TOC and Rock-Eval characteristics of the four interpreted source rock units with the highest potential. Average values have been used for each sample interval

(Table 1). HI: Hydrogen index, OI: Oxygen index.

Potential source Well Location TOC S2 mg HI mg OI mg Tmax  Kerogen Vitrinite Maturity
rock unit wt. % HC/grock HC/gTOC CO,/gTOC °C Type reflectance (R,)
upper Hauterivian 7120/8- Western margin of the 5.02 3.3 67 7 440 I 0.81 Peak
3 Hammerfest Basin mature
7120/6- 4.07 5.16 130 17 453 I N/A Late
3S mature
7120/9- 2.09 5.6 265 N/A N/A 1 N/A N/A
2
Barremian 7120/6- Western margin of the 2.92 8.42 279 11 440 I N/A Early
3S Hammerfest Basin mature
7120/5- 3.29 3.8 115 11 442 I 0.81 Peak
1 mature
lower Aptian 7321/9- Fingerdjupet Subbasin 4.50 19.4 428 11 436 I N/A Early
1 mature
7120/7- Western margin of the 3.0 2.9 87 21 446 1I-11T 0.68 Peak
3 Hammerfest Basin mature
7219/8- Southern parts of Bjgrngya 3.44 3.4 107 63 450 111 0.89 Late
1S Basin, mature
upper Cenomanian 7218/ Northern edge of the 2.68 7.03 259 35 427 II-111 0.30 Immature
111 Tromsg Basin

well (Table 1) and common for these units is the lack of wireline
response to the elevated TOC values (Table 2). When traced laterally
across the RLFC, the ilA reflector changes into a low amplitude reflector
with poor continuity, which persists across major parts of the Tromsg
Basin. (Fig. 11B). The reflector has medium amplitudes with good
continuity in the NE part of the basin (Fig. 11B). Here, the reflector is
located at depth of c. 5500 ms, implying that any organic matter has
most likely reached very high maturity. In addition, there are no wells in
the Tromsg Basin that penetrate the ilA reflector to confirm its potential.

Based on wireline logs, increased TOC values and amplitude char-
acteristics, the ilA reflector is interpreted to represent a potential source
rock unit in the Fingerdjupet Subbasin. The potential may extend from
well 7321/9-1 towards the deeper parts of the basin in the southern and
central parts of the Fingerdjupet Subbasin. In addition, bright spots
recorded within the RFS north of well 7321/9-1 may indicate some
potential. The reflector also shows favorable amplitude characteristics
in the NE part of the Bjgrngya Basin, in proximity to the LFC and the
Ringsel Ridge.

Indication of a viable source rock unit is also documented in the
Hammerfest Basin. Although there are several wells recording elevated
TOC contents, there are no other favorable indications in the wireline
data (e.g. well 7120/6-3 S, 7120/7-3 and 7119/9-1). However, the
negative amplitude map suggests sporadically distributed bright spots
that may indicate an increased potential in the NW part of the basin (i.e.,
near the AFC). In the NE margin of the Tromsg Basin, the ilA reflector
has increased amplitude compared to in the rest of the basin. However, it
is positioned at a depth of c. 5500 ms, which implies that any organic
matter most likely has reached very high maturity.

4.2.4. Intra upper Cenomanian (iuCn) reflector

The iuCn reflector is only present in the deeper parts of the Bjgrngya
Basin as it is eroded in the Fingerdjupet Subbasin and across the Stappen
High. (Fig. 12A). The iuCn reflector is continuous with low — medium
amplitudes, which increases to medium - high further south in the basin
towards well 7219/8-1 S (Figs. 7-12A). Elongated high amplitude
anomalies are also present in this area (Fig. 12A). The reflector termi-
nates against the BFC on the western margin of the Loppa High but
extends across the Veslemgy High to the west of well 7219/8-1 S
(Fig. 12A). In well 7219/8-1 S, the corresponding 43 m thick unit re-
cords a small increase in TOC values (Table 2). However, the wireline
logs indicate that there is no significant response to the TOC content
(Fig. 8).

The iuCn reflector is present along the entire western segment of the
Hammerfest Basin, delimited by the Loppa High and the Finnmark
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Platform (Fig. 12B). The reflector is continuous and has a medium — high
amplitude, where local high amplitudes occur along the western margin
of the basin and towards the Loppa High (Fig. 12B). High amplitude
patches are located around key wells such as well 7120/6-3 S near the
Loppa High, and well 7120/7-3 towards the Tromsg Basin (Fig. 12B).
The iuCn reflector is penetrated by all the wells in the western Ham-
merfest Basin, but common for these wells is that there is no indication
of elevated TOC values associated with this event.

The iuCn reflector is traced from the Hammerfest basin across the
RLFC into the Tromsg Basin (Fig. 13A). Here, the amplitude character-
istics changes to a lower amplitude, but remains continuous. The
reflector extends laterally throughout the basin and the negative
amplitude map shows that strong negative amplitudes are present in the
central parts and along the basin edges (Fig. 12B). NNE — SSW-oriented,
elongated amplitude anomalies are also present across the basin
(Fig. 12B).

Well 7218/11-1 is one of few wells that penetrates the iuCn reflector
in the Tromsg Basin (Fig. 13A and B). From the seismic data, it is clear
that this well is positioned in a half-graben setting near the basin margin
(Fig. 13B). At this location, the iuCn reflector has a low — medium
amplitude (Fig. 13B). The corresponding 121 m thick unit in the well has
elevated TOC values, but wireline logs indicate that there is little to no
response to the increased organic matter beneath the iuCn reflector
(Table 2 and Fig. 8).

Although the iuCn reflector is penetrated by key wells in the
Bjgrngya, Hammerfest and Tromsg basins, there are no TOC values or
wireline signals that convincingly demonstrate the presence of a po-
tential upper Cenomanian source rock unit. However, there are some
elevated TOC values in well 7218/11-1. The general lack of response in
the wireline logs may indicate that the concentration of organic matter is
too low to produce a signal characteristic for prolific source rock units.

4.3. Source rock evaluation of the organic-rich units

Based on the mapping of the four high-amplitude negative reflectors
in the seismic data (i.e. the iuH, IB, ilA, and iuCn reflectors; Table 2)
combined with analyses of the wireline and TOC data, four organic-rich
units representing potential source rock units are suggested. These in-
cludes: 1) upper Hauterivian, 2) Barremian, 3) lower Aptian, and 4)
upper Cenomanian units. These potential source rock units occur atop of
sequences 0, 1, 2 and 6, respectively (Fig. 2). Source rock characteristics
based on the available Rock-Eval data (see Table 1 for sample interval,
and the online supplementary file SF1 for the raw data) are given for
each of these potential source rock units. The main characteristics of the
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units with highest potential are summarized in Table 3.

4.3.1. Characteristics of the upper Hauterivian organic-rich unit
The characteristics of the upper Hauterivian organic-rich unit is
shown in Fig. 14. In general, most of the analyzed samples have poor
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Fig. 14. Plots showing the potential of the Hau-
terivian source rock unit (corresponding to the iuH

o,
Toc {Wt %) reflector) in key wells across the SW Barents Shelf.
. 0 Sample points increase in size depending on TOC
- 2 values. Sample points from each well have a specific
marker. Location of the wells are shown in Fig. 1. The
® 4 sample interval and thickness are shown in Table 1
& (A) Cross-plot of TOC vs. Rock-Eval S2 values, over-
well lying are the hydrogen index (HI) lines which indicate
kerogen type. (B) Plot of Ty vs. HI indicating the
e 7120/6-35 petroleum potential and maturity of the samples.
v 7120/8-3 Overlying are the vitrinite reflectance (Ro) lines after
Isaksen and Ledje (2001). (C) van Krevelen diagram
A 7119/9-1 of HI vs. OI indicating the quality and maturation
4 7219/8-15 level of the samples.
» 7321/7-1
« 7321/8-1
* 7321/9-1
m  7120/6-1
& 7120/9-2
& 7120/7-2
¢ 7120/7-3
® 7119/12-3
e 7119/12-1
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potential indicated by low S2 values (S2 < 2.5 mg/g) and variable TOC
content (1.0-5.7 wt %; Fig. 14A). They also have low HI (50-150 mg
HC/g TOC; Fig. 14B) and OI values (1-75 COy/g TOC; Fig. 14C).
Furthermore, the same samples appear to be mature with Tp,,x values of
430-460 °C (Fig. 14B) and near the vitrinite reflectance trend line 0.88%
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(Fig. 14B). Collectively, the majority of the samples indicate that
kerogen Type III dominates the upper Hauterivian organic-rich unit and
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that gas is the main expelled product (Fig. 14C).

A few sample points deviate from the general trend of the organic-
rich unit and may reflect more localized potential. This includes sam-
ples from wells 7120/8-3, 7120/6-3 S and 7120/9-2, which all show
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Fig. 15. Plots showing the potential of the Barremian
source rock unit (corresponding to the iB reflector) in
key wells across the SW Barents Shelf. Sample points
increase in size depending on TOC values. Sample
points from each well have a specific marker. Location
of the wells are shown in Fig. 1. The source rock units
thickness and data is shown in Table 1 (A) Cross-plot
of TOC vs. Rock-Eval S2 values, overlying are the
hydrogen index (HI) lines which are indicating
kerogen type. (B) Plot of Ty vs. HI indicating the
petroleum potential and maturity of the samples.
Overlying are the vitrinite reflectance (Ro) lines after
Isaksen and Ledje (2001). (C) van Krevelen diagram of
HI vs. oxygen index (OI) indicating the quality and
maturation level of the samples.

higher potential (Table 3 and Fig. 14A). However, these units are rela-
tively thin and contain few sample points (Table 1). Well 7120/6-3 S
contains the most prolific sample of the Hauterivian organic-rich unit.
These samples have higher HI values and plots within the kerogen Type
II field (Fig. 14C). No vitrinite reflectance data is available for well
7120/6-3 S.
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4.3.2. Characteristics of the Barremian organic-rich unit

Fig. 15 shows the source rock evaluation of the samples from the
Barremian organic-rich unit. The general trend shows that most of the
samples have a poor potential indicated by low S2 values (S2 < 2.5 mg/
g) and a variable TOC content (1.13-4.88 wt %; Fig. 15A). In addition,
most of the samples have low HI values (50-150 mg HC/g TOC) and
Tmax values of 430-470 °C (Fig. 15B). The samples also have low OI
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Fig. 16. Plots showing the source rock potential of

TOC (wt. %) the Lower Aptian source rock unit (corresponding to
. 0 the ilA reflector) in key wells across the SW Barents
2 Shelf. Sample points increase in size depending on
* TOC values. Sample points from each well have a
1 specific marker. Location of the wells are shown in
5] Fig. 1. The source rock thickness and data is shown in
Well Table 1 (A) Cross-plot of TOC vs. Rock-Eval S2 values,
overlying are the hydrogen index (HI) lines which are
& 7AAA2-L indicating kerogen type. (B) Plot of Ty vs. HI indi-
¥ 7119/12-3 cating the petroleum potential and maturity of the
A T120/1-2 samples. Overlying are the vitrinite reflectance (Ro)
< 7120/6-1 lines after Isaksen and Ledje (2001). (C) van Krevelen
»  7120/6-35 diagram. of HI vs. OI indicating the quality and
maturation level of the samples.
e 7120/7-2
+ 7120/7-3
m  7120/8-3
& 7120/9-2
# 7219/8-15
 7219/9-1
& 7321/8-1
e 7321/9-1
e 7321/7-1
*  7119/9-1

values (1-100 CO,/g TOC; Fig. 15C). In total, most of the data indicate a
mature (Fig. 15B) kerogen Type III dominated (Fig. 15C) organic-rich
unit, with poor potential (Fig. 15A).

The source potential of the Barremian organic-rich unit seems to be
very localized demonstrated by samples in wells 7120/6-3 S and 7120/
5-1, as these stand out as the most prolific ones (Table 3 and Fig. 15A).
The most prolific sample is taken from well 7120/6-3 S and has a S2
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value of 19.82 mg/g and TOC values of 4.88 wt% (Fig. 15A). In general,
samples in well 7120/6-3 S exhibit higher hydrogen content (Table 3
and Fig. 15B). In addition, Trax values are on average 440 °C, while the

vitrinite reflectance (R,) ranges between 0.6 and 0.88% (Fig. 15B).
Collectively, the Barremian organic-rich unit in well 7120/6-3 S has
excellent potential with a kerogen Type II composition and is further

19

Marine and Petroleum Geology 140 (2022) 105664

Fig. 17. Plots showing the source rock potential of

TOC {wt. %) the Cenomanian source rock unit (iuCn) in key wells
« D across the SW Barents Shelf. Sample points increase in
size depending on TOC values. Sample points from
e 1
each well have a specific marker. Location of the
® 2 wells are shown in Fig. 1. The source rock units
3 thickness and data is shown in Table 1 (A) Cross-plot
4 of TOC vs. Rock-Eval S2 values, overlying are the
well hydrogen index (HI) lines which are indicating
kerogen type. (B) Plot of Ty vs. HI indicating the
e 7218111 petroleum potential and maturity of the samples.
v 7119/9-1 Overlying are the vitrinite reflectance (Ro) lines after
A 7119/12-1 Isaksen and Ledje (2001). (C) van Krevelen diagram
< 7119/12-3 of HI vs. OI indicating the quality and maturation
>  7120/6-35 level of the samples.
e 7120/7-2
+ 7120/8-3
m 7120/7-3
e 7219/8-15
& 7219/9-1

classified as an early mature to mature oil prone source rock unit.

4.3.3. Characteristics of the lower Aptian organic-rich unit

The source rock evaluation on the samples from the lower Aptian
organic-rich unit is shown in Fig. 16. Most of the samples are plotting in
the poor potential area with low S2 values (S2 < 2.5 mg/g) and
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generally low TOC content (1.5-3 wt %; Fig. 16A). These samples have
HI values close to 100 mg HC/g TOC and are plotting around Tp,x values
of 440 °C to the right of the R, = 0.6 vitrinite reflectance trend line
(Fig. 16B). The same cluster also has variable OI values (1-100 CO2/g
TOC) coupled with low HI values (Fig. 16C). Collectively, this indicate
that most of the lower Aptian organic-rich samples have a kerogen Type
III composition where the expected product would be gas.

A few samples from wells 7321/9-1, 7219/8-1 S, and 7120/7-3
deviate from the general trend and indicate a localized higher poten-
tial (Table 3 and Fig. 16A). The most prolific samples for the lower
Aptian organic-rich unit are from well 7321/9-1 and have a kerogen
Type II composition (Table 3; Fig. 16A and B) No vitrinite reflectance
data are available for this source rock unit but based on Tp,ax values and
the vitrinite reflectance R, = 0.6 trend line, the organic-rich unit is early
mature (Fig. 16B). The organic-rich unit has also low OI values and high
HI values, implying that the organic-rich unit is high quality and that the
main expelled product is oil (Fig. 16C).

Multiple samples from the organic-rich unit in well 7219/8-1 S and
7120/7-3 also indicate elevated potential (Table 3). However, this unit
has significantly lower HI values compared to well 7321/9-1 and has a
kerogen Type III composition (Fig. 16A and B). The exceptional high
Tmax values in well 7219/8-1 S plot to the right of the R, = 0.88% vit-
rinite reflectance trend line, indicating that the organic-rich unit is
mature at this locality (Fig. 16B). Furthermore, based on the OI and HI
values the main expelled product is gas from the organic-rich unit in well
7219/8-1 S (Fig. 16C). In contrast, the samples in well 7120/7-3 plots to
the left of the R, = 0.88 vitrinite reflectance trend line (Fig. 16B) and
within the oil window (Fig. 16C).

4.3.4. Characteristics of the upper Cenomanian organic-rich unit

The source rock evaluation performed on the samples from the upper
Cenomanian organic-rich unit is displayed in Fig. 17. Apart from sam-
ples in well 7218/11-1, most of the samples show a unimodal distri-
bution with very poor potential, indicated by low S2 (S2 < 2.5 mg/g)
and TOC values (0.83-1.49 wt %; Fig. 17A). These samples also have low
HI values (20-110 mg HC/g TOC) and variable Ty, values (422-435 °C;
Fig. 17B). This indicates that the small amount of organic matter is most
likely of kerogen Type IV-III composition (Fig. 17A and B) and that the
main product is gas (Fig. 17C).

The exception is well 7218/11-1 which overall shows a better po-
tential with substantially higher TOC and S2 values (Table 3 and
Fig. 17A). Samples from 7218/11-1 also have higher HI values and
slightly lower Tpax values compared to the low potential samples
(Table 3 and Fig. 17B). Hence, these samples plot left of the vitrinite
reflectance trend line R, = 0.6 (Fig. 17B). In addition, three samples of
vitrinite reflectance are available for the unit. These samples have little
spread and have an average R, value of 0.3%. In total, this classifies the
organic matter in well 7218/11-1 as a kerogen Type II-III (Fig. 17C)
where the main expelled product is oil (Fig. 17C). However, based on the
Tmax Values and the vitrinite reflectance samples, the organic-rich unit is
classified as immature at the well location.

5. Discussion

The presence of four organic-rich units of variable source rock po-
tential has been documented within the Lower Cretaceous succession on
the SW Barents Shelf, these are the: (1) upper Hauterivian (2) Barre-
mian, (3) lower Aptian, and (4) upper Cenomanian organic-rich units
(Table 3). These units have different characteristics which result in
varying potential across the region. This may reflect variations in
depositional environments and oxygen levels, organic productivity, and
preservation potential governed by amongst other factors such as sedi-
mentation rate, basin configurations and hydrodynamic conditions.

During the Early Cretaceous, active rifting in the SW Barents Sea
resulted in a typical rift configuration with fault-bounded basins sepa-
rated by structural highs (e.g. Faleide et al., 1984, 1993a, b; Marin et al.,
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2018a, b). At times when the structural highs were submerged,
well-oxygenated hydraulic regimes may have persisted across the highs,
whereas stagnant, oxygen deficient conditions may have prevailed in the
deeper parts of the basins due to physical restriction and reduced bottom
water circulation (e.g. Langrock et al., 2003). Consequently, wells tar-
geting the structural highs that formed during the Early Cretaceous
structuring-events, typically sample Lower Cretaceous stratigraphy
which most likely exhibit low quantity and quality organic matter. Thus,
elevated TOC and HI values, as well as increased source potential are
generally expected for the deeper parts of the Early Cretaceous
fault-bounded depocenters (e.g. Karlsen et al., 2004: Karlsen and Skeie,
2006). In addition, the data only give an indication of the remaining
potential at the prevailing levels of thermal maturity. At early burial, the
organic matter was less mature and had higher quality and quantity.
Understanding variations in depositional environments and burial his-
tory of the potential source rock units is therefore essential. Below, a
depositional model for each of the organic-rich units are presented,
emphasizing various factors controlling their source potential, particu-
larly focusing on the areas where they have been confirmed by explo-
ration wells and thus hold the greatest potential.

5.1. Controls on source rock distribution and potential

To form a viable source rock unit there must be sufficient primary
biological productivity in the depositional environment (Calvert et al.,
1996). Primary productivity near continental margins in the marine
environment is dependent on nutrient influx either by fluvial run-off or
upwelling of deep marine water (Demaison et al., 1983). The Loppa
High which is situated in the center of the study area, was subaerially
exposed during the Early Cretaceous (Faleide et al., 1993a; Indreveer
et al., 2017) and was most likely a crucial source for influx of both
sediments and nutrients (e.g. Seldal, 2005; Marin et al., 2017, 2018a;
Arlebrand et al., 2021). In addition, the warm and humid climate
characterizing the Cretaceous period, promoted increased organic pro-
ductivity and biotic changes (Leckie et al., 2002; Scotese et al., 2021)
that was crucial for organic matter to be deposited (e.g. Rogov et al.,
2020).

Furthermore, the formation of fault bounded depocenters on the SW
Barents Shelf and further south along the western margin of the NCS
during the Late Jurassic — Early Cretaceous (e.g. Langrock et al., 2003),
resulted in restricted circulation and anoxic conditions that ensured
optimal preservation conditions, further prohibiting oxidative pro-
cesses, degradation and consumption of organic matter (Demaison and
Moore, 1980). These anoxic to suboxic conditions are also regarded as
being the product of climatic variations associated with oceanic anoxic
events (OAEs) (Leckie et al., 2002; Midtkandal et al., 2016; Rogov et al.,
2020). However, the variations and differences in richness and quality of
the organic matter is strongly linked to regional and local paleogeo-
graphic factors that affected the basin infill history.

Other controlling factors include grain size and sedimentation rate.
Grain size has implications towards preservation of organic matter, as
coarse-grained sediments may allow circulation of oxygenated bottom
waters into the sediments (Bordovskiy, 1965). In the study area, this
could be a localized issue near active sediment source areas such as the
Loppa High but for the wider SW Barents Shelf, most of the Cretaceous
sediments appear to consist of marine mudrocks with low permeability.
Sedimentation rate has a crucial control on the concentration of organic
matter, as high rates will cause a dilution effect (Ibach, 1982). According
to literature, sedimentation rate should ideally be approximately 1
mm/year (Ibach, 1982; Bohacs et al., 2005). This could be problematic
for potential source rock units situated in the Bjprngya and Tromsg ba-
sins, as the Late Jurassic — Early Cretaceous rifting phase caused rapid
subsidence and increased sedimentation rates along the RLFC and BFC
(Faleide et al., 1984, 1993a, 1993b; Kairanov et al., 2021). In addition,
the arrival of large prograding delta systems in the Barremian to early
Aptian (from the NW) and in the Albian to Cenomanian (from the E to



A. Hagset et al. Marine and Petroleum Geology 140 (2022) 105664

Hammerfest Basin Finnmark Platform

Loppa High Diaiag

3 <
Sediment supply \j‘ \\\\\\\
\\1‘ \ &N
SO
=Y
iy

g

/Subaerially expose
central high

Bjarmeland Platform

Fingerdjupet Subbasin Subaerially exposed
rainage, Q / local higt}s
o e St nt\s\\\/'l 7321/8-1 / % / —_
ingsel Ridge edime y. . _
B / et sy o e

p N \

Tromsg Basin Hammerfest Basin
—
7218/11-1 - =
/

|:| Suboxic to anoxic bottomwater conditions

Drainage; Sediment supply

|:| Alluvial or erosion/nondeposition

_ ) : .
|:| Increased gradient; Alluvial or erosion .+ Outline of anoxic zone

.
[ ] Faultscarp

[ ] Deepwaters -e— Accumulation of organic matter
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NE) may locally have contributed to increased sedimentation rates and
consequently lowered the source rock potential in the receiving basins
during these times.

5.1.1. Depositional model and source rock potential of the upper
Hauterivian organic-rich unit

The evaluation of the Hauterivian organic-rich unit shows that most
of the samples have a kerogen Type III composition with variable TOC
content and low S2 values (S2 < 2.5 mg/g). This includes the wells in the
Fingerdjupet Subbasin (7321/7-1.7321/8-1, 7321/9-1) and the
southern parts of Bjgrngya Basin (7219/8-1 S). The unit was established
as mature to overmature in the shallow basins and essentially over-
mature in well 7219/8-1 S (Fig. 14A). Based on the maturity data in well
7219/8-1 S (Fig. 16) and the lateral mapping of the iuH reflector, we
interpret that there is presently no source rock potential for the Hau-
terivian organic-rich unit in the deep basins, caused by deep burial and
compaction. However, a few wells in the Hammerfest Basin (7120/8-3,
7120/6-3 S, 7120/9-2) have higher potential indicated by higher S2 and
HI values (Fig. 14A and B). The most prolific samples are taken from well
7120/6-3 S, located close to the NW part of the Hammerfest Basin
(Figs. 9 and 10).

The upper Hauterivian organic-rich unit is also present in a more
condensed form towards the central high of Hammerfest Basin (e.g.
wells 7120/8-3 and 7120/9-2, Fig. 14). The iuH reflector extends
further towards the transition to Tromsg Basin. In this transition, the
reflector is part of the down-stepping array of normal faults of the RLFC.
Source rock evaluation done on samples from wells located in this
transition (e.g. 7120/7-2, 7120/7-3, 7119/9-1, 7119/12-3 and 7119/
12-1) confirms that the iuH reflector is not associated with a high po-
tential source rock unit (Fig. 14). This supports our interpretation of a
localized prolific upper Hauterivian organic-rich unit confined to a
restricted depocenter, such as the NW part/segment of the Hammerfest
Basin.

According to Ohm et al. (2008) the Knurr Formation (which includes
the Hauterivian organic-rich unit of this study; Fig. 2) has a higher po-
tential than the Kolje and Kolmule formations. Their study was pre-
dominantly focused on the Hammerfest Basin, where most exploration
wells in the SW Barents Sea are located. Their initial findings suggest a
low potential for the Knurr Formation, which is in accordance with our
source rock evaluation (Fig. 14). However, we emphasize that there is an
increased potential in the shallow depocenter of Hammerfest Basin (i.e.
in well 7120/6-3 S, NW part). Still, very few exploration wells have
drilled the thick sedimentary successions in these depocenters, as most
exploration wells typically target structural highs.

The SW Barents Shelf was subject to multiple episodes of rifting
during the Late Jurassic — Early Cretaceous extensional event (Faleide
et al., 1984, 1993a, 1993b; Gabrielsen et al., 1990; Serck et al., 2017;
Kairanov et al., 2021). The elevated potential documented in the NW
part of the Hammerfest Basin is clearly linked to the patchy occurrence
of smaller fault-bound depocenters that formed during the earliest
Cretaceous. It is well known that structural confinement of marine ba-
sins may result in restricted water circulation, which eventually lead to
oxygen deficient conditions that promote the preservation of organic
matter (Demaison and Moore, 1980; Demaison et al., 1983).

We thus envisage that the upper Hauterivian organic-rich unit in the
Hammerfest Basin was deposited and preserved in a partly restricted
marine setting, between the subaerially exposed Loppa High and the
uplifted central arch (Figs. 10-18A). This depocenter formed in response
to faulting along the AFC, which was initiated in the Late Jurassic —
earliest Cretaceous (Wood et al., 1989; Gabrielsen et al., 1990). The
uplifted central arch acted as intrabasinal highs where onlap termina-
tions in sequence SO and S1 indicate periodic subaerial exposure
(Fig. 10) (Indreveer et al., 2017; Marin et al., 2018b). To the north, the
Loppa High was subaerially exposed at these times (Faleide et al., 1993a,
1993b) due to periodic and differential uplift that shifted the drainage
patterns and promoted the development of incised valleys that routed

22

Marine and Petroleum Geology 140 (2022) 105664

sediments to the basin (Fig. 18A) (Indrever et al., 2017; Marin et al.,
2018b). In this configuration, the NW corner of the Hammerfest Basin
was a partly restricted, bounded between two subaerially exposed
structural highs (Marin et al., 2018b). Consequently, this gave the
characteristic wedge shape of sequence SO and S1 in the NW corner but
also resulted in increased preservation potential for organic matter.
(Fig. 18A). Deep-water conditions prevailed in the central parts of the
Hammerfest Basin which was connected to the Tromsg Basin in the west
securing better water circulation (Fig. 18A; Marin et al., 2018b).

The kerogen Type III composition characterizing the upper Hau-
terivian organic-rich unit, suggest that most of the organic matter is of
terrestrial origin or of a partly oxidized type possibly including a rese-
dimented fraction (Tissot et al., 1973; Peters, 1986; Peters and Cassa,
1994). The nearby subarial exposed Loppa High was most likely a source
for the organic matter, which was transported to the basin by gravita-
tional processes (Fig. 18A). In contrast, the source rock unit in well
7120/6-3 S has a more dominant kerogen Type II composition
(Fig. 14C). This may indicate that organic matter accumulated under
restricted water circulation which allowed suboxic to anoxic conditions
to develop (Demaison and Moore, 1980; Demaison et al., 1983). The
nearby sediment source area also ensured high nutrient influx into the
marine environment, allowing high productivity under the warm and
humid climatic conditions that prevailed during the earliest Cretaceous
(Fig. 18A).

5.1.2. Depositional model and source rock potential of the Barremian
organic-rich unit

The iB reflector is widely distributed on the SW Barents Shelf and is
penetrated by wells in the Fingerdjupet Subbasin, the Bjgrngya Basin
and the Hammerfest Basin. Despite its wide distribution, most samples
belonging to the Barremian organic-rich unit indicate a mature unit with
a kerogen Type III composition yielding low generation potential
(Fig. 15; Tables 2 and 3). Similar to the upper Hauterivian organic-rich
unit, the most prolific unit occurs in well 7120/6-3 S and 7120/5-1 at
the NW corner of the Hammerfest Basin (Fig. 15 and Table 3). At this
location, the Barremian organic-rich unit have a kerogen Type II
composition (Fig. 15C).

In the Fingerdjupet Subbasin, the iB reflector is located on top a SE-
prograding sequence which probably was sourced from the Svalbard
Platform that experienced significant uplift in the Barremian (Grundvag
etal., 2017; Marin et al., 2017; Midtkandal et al., 2019). In many prolific
basins elsewhere, an elevated source rock potential (i.e. kerogen Type
II-1) is commonly reported within the top-set to bottomset of similar
large-scale prograding clinoform successions (Barker, 1982; Kosters
et al., 2000; Ulmishek, 2003). However, based on the mapping of the iB
reflector and the lack of response in the wireline and Rock-Eval data (i.e.
7321/7-1, 7321/8-1 and 7321/9-1), we conclude that the Barremian
organic-rich unit does not have any potential in the Fingerdjupet
Subbasin.

The source rock evaluation conducted on samples belonging to the
Barremian organic-rich unit in well 7219/8-1 S indicate that organic
matter is of kerogen Type III and do not hold any potential based on low
S2 and HI values (Fig. 15A and B). In addition, the unit is classified as
post-mature based on Ty« values and two vitrinite reflectance samples
(Fig. 15A). This has wider implication towards the Bjgrngya and Tromsg
basins, as any organic matter that belong to the potential Barremian
organic-rich unit is most likely post-mature in the deeper basinal
segments.

During deposition of the Barremian organic-rich unit, the NW part of
the Hammerfest Basin continued to be an important fault-bound depo-
center, and the central arch and the Loppa High were still uplifted, both
acting as source areas and exhibiting first-order controls on the basin
configuration which was essential for anoxic conditions to be main-
tained (Fig. 18A).

The long-lived restricted character of the NW depocenter of the
Hammerfest Basin governed water circulation and promoted water
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stratification and anoxic bottom water conditions (Fig. 18A). Increased
fluvial run-off (from the Loppa High) and increased primary produc-
tivity influenced by the warm and humid climate and an associated
oxygen consumption in the water mass further promoted anoxic bottom
water conditions (Fig. 18A). This interpretation is coherent with the
kerogen Type II composition of the Barremian organic-rich unit in well
7120/6-3 S (Fig. 15).

5.1.3. Depositional model and source rock potential of the lower Aptian
organic-rich unit

The seismic mapping and source rock evaluation of the lower Aptian
organic-rich unit indicate that there is an elevated potential in the Fin-
gerdjupet Subbasin and possibly also in the Bjgrngya and Hammerfest
basins (Table 3). The unit in well 7321/9-1 was established to be the
most prolific and is linked to negative amplitudes occurring in localized
fault bounded depocenters in the Fingerdjupet Subbasin (Fig. 11A).

The negative amplitudes concentrated around well 7321/9-1 also
extends laterally towards the NNE (Fig. 11A) and appear to be confined
to half-grabens (Fig. 5B) that most likely link up with the NNE — SSW-
oriented RFS (Fig. 11A), cf. Serck et al. (2017). However, the stron-
gest negative amplitudes are confined to the main depocenter of the
Fingerdjupet Subbasin (Fig. 11A, controlled by the N-S and NNE — SSW
trending faults belonging the TFC and RFS (Serck et al., 2017). Strong
negative amplitudes are also present in the southern part of the Fin-
gerdjupet Subbasin (Fig. 11A). These amplitudes occur in a downfaulted
section close to the LFC associated with a distinct thickness increase of
the sequence S3 strata. This may indicate a connection to the suggested
reactivation event in the early Aptian (Serck et al., 2017).

In the Bjg¢rngya Basin, the lower Aptian organic-rich unit has kerogen
Type III composition and is late mature in well 7219/8-1 S (Table 3). The
dim negative amplitudes surrounding well 7219/8-1 S (Fig. 11A) further
indicate that this area does not hold any high concentration of organic
matter. However, based on the lateral mapping, the unit is most likely
extending from well 7219/8-1 S parallel to the nearby fault complexes
(i.e. BFC and LFC) and could possibly be associated with the strong
negative amplitudes present in the NE corner of the basin (Fig. 11A). It
thus appears that the lower Aptian organic-rich unit preferably accu-
mulated along the NE basin margins where conditions were favorable.
The amount of TOC in marine sediments is controlled by the abundance
and availability of organic matter, preservation and the degree of dilu-
tion by sedimentary input (Pedersen and Calvert, 1990). It thus seems
that the lower Aptian organic-rich unit was subjected to less dilution
effect further north towards the LFC. This may relate to a less active local
source area of limited extent (i.e. Ringsel Ridge), possibly coupled with
delimited or structurally diverted drainage patterns along the major
fault complexes in the area. Consequently, this limited sediment input
and the dilution effect in this area. In well 7219/8-1 S, the elevated TOC
values of the lower Aptian organic-rich unit are confined to a thick in-
terval (159 m; Tables 1 and 2), possibly indicating that depositional
conditions were favorable in places, but were generally negatively
affected by high sedimentation rates.

The source rock evaluation and the seismic mapping indicate that the
lower Aptian organic-rich unit has less potential in the Hammerfest
Basin (Fig. 16). The elevated hydrogen content in wells 7120/6-1 and
7120/6-3 S is coupled to relatively low S2 and TOC values (Fig. 16),
indicating a limited potential in the NW part of the basin. Well 7120/7-3
is located in the middle of a cluster of high negative amplitudes. Here,
the lower Aptian organic-rich unit is demonstrated to be one of the most
prolific intervals of the whole succession (Table 3), indicating that there
were favorable conditions for organic matter to accumulate and be
preserved in the faulted transition to the Tromsg Basin. These conditions
seem to be very localized as no other wells located in this transitional
zone contain the lower Aptian organic-rich unit (e.g., wells 7119/12-1,
7119/12-3 and 7119/9-1). This points to organic matter accumulation
in depocenters along the RLFC.

The structural development of the Fingerdjupet Subbasin with
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multiple phases of faulting have clearly governed deposition and pres-
ervation of the lower Aptian organic-rich unit. The basin development is
attributed to reactivation of the N- S- and NNE- SSW-oriented fault
complexes (i.e. LFC, TFC and RFS), which follows the trend of older
structural lineaments (Serck et al., 2017). These fault complexes were
active during the latest Jurassic — Hauterivian and later reactivated in
the early Aptian (Serck et al., 2017).

Considering this development and the distribution of the lower
Aptian organic-rich unit, we suggest that it accumulated in restricted
shallow, half-graben basins associated with movements along the TFC
and RFS (Fig. 18B). The rates of subsidence increased during the latest
Jurassic — Hauterivian rifting, eventually creating increased bathymetric
relief, and promoting the development of syn-tectonic growth wedges
near the TFC and RFS (Serck et al., 2017) (Fig. 5A). The subsequent
arrival of the SE-prograding clinoform succession (sequence S2, Marin
et al., 2017b) during the Barremian filled much of this relief, but was
most likely delimited by uplifted footwall highs (Serck et al., 2017) (e.g.
location of well 7321/8-1; Fig. 5B). Fault reactivation during the early
Aptian renewed the creation of accommodation space in the
half-grabens. Coupled with the eustatic sea-level rise and ocean anoxia
in the early Aptian (e.g. Schlanger and Jenkyns, 1976; Jenkyns, 1980),
this created an ideal setting which allowed organic matter to be pre-
served in a localized, structurally restricted marine basin (Fig. 18B). The
negative amplitude map supports this interpretation, as the greatest
negative amplitudes are observed in the half-grabens along the TFC and
RFS (Fig. 11A). In addition, the kerogen Type II composition indicates
that the organic-rich unit were deposited in a marine environment under
anoxic conditions (Demaison and Moore, 1980; Demaison et al., 1983).

Furthermore, the OAE1a has been recorded on the Svalbard Platform
(Midtkandal et al., 2016) and linked to a time-equivalent regional
extensive lower Aptian flooding surface (Grundvag et al., 2019). Here, a
lower Aptian source rock unit associated with the flooding surface is
located atop of a thick coal-bearing paralic succession, testifying to its
proximal position near the northern margin of the Barents Shelf at these
times. This unit apparently has a localized wet gas potential (e.g.
Grundvag et al., 2019). Although representing deposition under prin-
ciple different structural settings (i.e. platform versus half graben), the
source rock unit on the Svalbard Platform may represent a lateral
equivalent to the unit documented in well 7321/9-1 (e.g. Grundvig
et al., 2019) testifying to the high productivity in this period. However,
to confidently establish a link between the lower Aptian source rock unit
in the Fingerdjupet Subbasin and the OAE1a, carbon and oxygen isotope
methodologies should be implemented in the future (e.g. Herrle et al.,
2015; Midtkandal et al., 2016; Vickers et al., 2016). There is also the
issue of age uncertainties in well 7321/9-1 (Corseri et al., 2018).
However, the time-equivalent deposition of the kerogen Type II-III
source rock unit on the Svalbard Platform may indicate that the lower
Aptian source rock potential is of regional significance, but dependent
on structural confinement to generate an oil-prone source rock unit
(Grundvag et al., 2019).

5.1.4. Depositional model and source rock potential of the upper
Cenomanian organic-rich unit

Based on the lateral mapping and evaluation of the upper Cen-
omanian organic-rich unit, we suggest that this unit has greatest po-
tential in the northern part of Tromsg Basin at the transition to the
Veslemgy High (Figs. 13B-17). At this location, well 7218/11-1 pene-
trated an immature unit with a kerogen Type II-III composition
(Table 3). This suggests that the upper Cenomanian unit could have
source rock potential in similar restricted settings. In addition, the
strong negative amplitudes located in the transition to Veslemgy High
and the Senja Ridge could indicate that the upper Cenomanian organic-
rich unit has increased potential in relation to these highs (Fig. 12B). The
elongated amplitudes seen in the amplitude map (Fig. 12) seem to follow
the orientation of the seismic lines and could indicate amplitude dif-
ferences between the surveys.
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One central question is whether this potential can be correlated to
the negative amplitudes seen in the Tromsg Basin (Figs. 12B and 13A).
The restricted character of the depositional setting of the mudrocks
sampled in well 7218/11-1 makes such correlation difficult for a wider
basin perspective. In addition, exploration wells drilled on local highs
and in association with salt domes do not provide the stratigraphic in-
formation needed (i.e. 7219/8-1 S, 7119/9-1, 7119/12-3). The Cen-
omanian source rock potential is, therefore, still unknown in the Tromsg
Basin. This is coupled to the likelihood that the basin was well
oxygenated and subject to high sedimentation rates associated with the
arrival of the delta system prograding from the E and NE during the late
Albian and Cenomanian (i.e. sequences 5 and 6; Marin et al., 2017,
Fig. 2).

In the Hammerfest Basin, strong negative amplitudes occur in the
proximity of well 7120/7-3, possibly indicating abundant organic
matter in this area (Fig. 12B). However, the source rock evaluation
conducted on samples from well 7120/7-3 shows that there is no Cen-
omanian source rock potential here (Fig. 17A). Towards the NW corner
of the Hammerfest Basin, well 7120/6-3 S records elevated hydrogen
content in the upper Cenomanian unit (Fig. 17C). However, the source
rock evaluation shows that the unit has low TOC and S2 values, which
limit the potential.

The upper Cenomanian organic-rich unit was deposited in a half-
graben situated on the northern edge of the Tromsg Basin, as part of
the Veslemgy High (Fig. 18C). The development of this half-graben is
attributed to the formation a series of NE-SW-striking faults, possibly
belonging to the BFC and RLFC (Kairanov et al., 2021). In this area,
Valanginian — late Barremian and Aptian — Albian faulting have been
documented (Faleide et al., 1993a; Kairanov et al., 2021). This faulting
eventually led to rotation of fault blocks and the formation of localized
half-graben basins (Fig. 18C). During the Cenomanian, the Veslemgy
High was subject to uplift (Kairanov et al., 2021), further restricting the
half-graben basins and limiting oxygenated water circulation. This is
supported by the kerogen Type II-III composition of the organic-rich
unit, which indicates that anoxic to suboxic conditions must have pre-
vailed during deposition (cf. Demaison and Moore, 1980; Demaison
et al., 1983).

5.2. Implications for exploration

Exploration well 7219/8-1 S provides an important stratigraphic
control for all the Lower Cretaceous organic-rich units in the deep
Tromsp and Bjgrngya basins and adjacent areas (Fig. 2). The source rock
evaluation conducted on samples from the four potential source rock
units investigated in this study, provides an indication as to the potential
in the deeper basinal segments.

Data from well 7219/8-1 S establish the lower Aptian unit to be
kerogen Type Il dominated and in the late mature stages, still part of the
oil window. Hence, we conclude that any organic matter deposited
before the early Aptian is most likely post-mature in the deeper basinal
areas along the RLFC and BFC. This has implications for hydrocarbon
exploration in these frontier areas along the western shelf margin.
However, the lower Aptian organic-rich unit is considered to have the
greatest potential and should consequently be considered when explo-
ration strategies are discussed for the SW Barents Shelf. The presence of
a mature to late mature lower Aptian source rock unit in well 7219/8-1
S, may thus represent a local source for exploration targets in the areas
surrounding the RLFC and BFC, as well as towards the flanks of the deep
basins (Fig. 11A). Because the traditional Upper Jurassic source rock
unit is overmature in these areas (Dore, 1995; Marin et al., 2020), the
lower Aptian source rock unit could present a viable alternative. How-
ever, as there is limited well control in the deep basins, seismic attributes
and lateral mapping is key to understanding the distribution and po-
tential of any source rock units distributed along the fault complexes.

We also demonstrate that the lower Aptian unit in well 7219/8-1 S
can be traced laterally into the strong negative amplitudes in the NE
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corner of the Bjgrngya Basin, confined between the uplifted Stappen
High and the LFC (Fig. 11A). This location and similar settings thus seem
to be key locations for the occurrence of the lower Aptian source rock
unit. Furthermore, the Lower Aptian unit in well 7321/9-1 is estab-
lished to be the most prolific (Table 3). The patchy occurrence of strong
negative amplitudes located in the Fingerdjupet Subbasin (Fig. 11A)
could potentially indicate local accumulations of organic matter, with
similar characteristics to the source rock unit established in well 7321/
9-1. However, the Fingerdjupet Subbasin is also one of the most uplifted
areas on the SW Barents Shelf (Lasabuda et al., 2021), which further
complicate exploration.

The upper Cenomanian organic-rich unit could potentially be a
viable option for the wider Troms¢ and Bjgrngya basins. However, this
unit is absent in the Hammerfest and Bjgrngya basins. The only docu-
mented occurrence is in well 7218/11-1 in the transition to the
Veslemgy High (Fig. 13B). We therefore suggest that the greatest po-
tential of the upper Cenomanian organic-rich unit is most likely linked to
the development off the structural highs, as faulting along their margins
developed half-graben depocenters which promoted the formation of
restricted marine basins suitable for organic matter to accumulate. A
basin wide distribution thus seems unlikely due to the generally well
oxygenated waters prevailing the region at these times (e.g. Smelror,
2009).

6. Conclusions

By combining 2D seismic data, amplitude maps and wireline logs
with total organic carbon (TOC) and Rock-Eval data, this study docu-
ments the presence of four potential source rock units within the Lower
Cretaceous succession on the SW Barents Shelf. These are the: (1) upper
Hauterivian (2) Barremian, (3) lower Aptian, and (4) upper Cenomanian
units. We demonstrate that the deposition and preservation of these
units are coupled to localized and restricted fault bound depocenters
which developed during multiple episodes of fault activity, mainly
attributed to Late Jurassic — Early Cretaceous rifting and local reac-
tivation events along the western Barents Shelf margin.

The Hauterivian and Barremian organic-rich units exhibit TOC
contents in the range of 1.0-5.7 wt % and show the greatest potential in
the NW part of the Hammerfest Basin. They do not show any potential in
the deeper Tromsg and Bjgrngya basins. This is mainly due to deep burial
and dilution effects related to regionally high sedimentation rates
associated with progradation and the arrival of a large delta system from
the west and northwest during the late Albian to Cenomanian times.

The lower Aptian organic-rich unit exhibits TOC contents in the
range of 0.57-5.3 wt % and shows the greatest potential by well 7321/9-
1 located in the Fingerdjupet Subbasin. It can be traced laterally from
this well towards strong negative amplitudes in the central parts of the
Fingerdjupet Subbasin, across the Randi Fault Set and further into the
southern part of the Fingerdjupet Subbasin. These negative amplitudes
may possibly indicate favorable TOC contents, thus resembling the
lower Aptian source rock unit in well 7321/9-1, which exhibits high
TOC contents (4.0-5.3 wt %). The negative amplitude reflector associ-
ated with the lower Aptian source rock unit in well 7321/9-1 can also be
traced across from the Fingerdjupet Subbasin into the Bjgrngya Basin,
where the unit appears to be composed of kerogen Type III organic
matter in the late mature stages (i.e. well 7219/8-1 S). This indicates
that the lower Aptian unit could potentially be a viable source rock unit
along the Bjgrngyrenna Fault Complex and the Terningen Fault
Complex.

The Cenomanian organic-rich unit only appears as an immature,
kerogen II-III dominated unit confined to a half-graben situated in the
northern part of the Tromsg Basin, at the faulted transition to the
Veslemgy High. Correlation towards negative amplitudes located in the
deeper basin segments is difficult due to poor well control. Although, the
unit can be traced across the Tromsg Basin, there is no indication of a
viable source rock of basinal or regional significance.
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ABSTRACT

On the mid-Norwegian margin, extensive rifting and subsequent deposition of thick Cretaceous and Cenozoic
sediments have buried the traditional Upper Jurassic organic-rich shales too deep. Consequently, these organic-
rich shales are overmature and spent in the deep basins on the mid-Norwegian margin. The absence of well-
control, variable seismic quality and in particularly, the great burial depth, makes it difficult to identify alter-
native Upper Jurassic and Lower Cretaceous organic-rich units. By combining high-resolution 2D seismic data,
well logs, and Rock-Eval data, this study documents the presence of alternative organic-rich units in the
Cretaceous succession on the Halten Terrace and the Vgring Basin. Multiple seismic horizons which correspond
to regional flooding surfaces and define a series of seismic sequences have been mapped across the study area.
The regionally extensive upper Cenomanian horizon is associated with wireline log signals and Rock-Eval pa-
rameters which imply the presence of a potential source rock unit. Source rock evaluation indicate that this unit
contains mainly kerogen Type III on the Halten Terrace, suggesting an organofacies with significant contribution
from terrestrial sources. In the Vgring Basin, the unit is sparsely drilled but appears to be mature, thus displaying
a relatively limited potential. One well from the Vigrid Syncline demonstrate somewhat higher potential, with
Rock-Eval data indicating a kerogen Type II composition. As such, more prolific units seems to exist in the Vgring
Basin, albeit exhibiting a patchy distribution. We speculate that the deposition and preservation of this upper
Cenomanian organic-rich unit record the development of an extended oxygen minimum zone attributable to
increased primary production and sluggish water circulation, linked to the global Oceanic Anoxic Event 2 (OAE
2). However, local physiographic conditions, such as high sedimentation rates, erosion by gravity flows and
periodically oxygenated conditions hindered preservation of a significant quantities of organic matter, thus
limiting the thickness and quality of the upper Cenomanian organic-rich unit on the mid-Norwegian margin.

1. Introduction

oxygen levels, whereas source rock thermal maturity and thus source
rock generation potential, is largely governed by the thermal and burial

Identifying and mapping the distribution of thermally mature source
rock units is important to eliminate risk in hydrocarbon exploration.
Whether a viable source rock developed or not, is the outcome of the
interaction of many factors and processes across multiple time scales,
ultimately recording the environmental and sedimentary response to
tectonic, eustatic and climatic forcing (e.g. Arthur and Sageman, 1994;
Demaison and Moore, 1980; Demaison et al., 1983; Katz, 2005; Bohacs
et al., 2005). The generation and preservation of organic matter, are
among other factors, controlled by primary organic production, sedi-
mentation rate, as well as water mass circulation and bottom water

* Corresponding author.
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history of the basin (Demaison et al., 1983; Pedersen and Calvert, 1990;
Arthur and Sageman, 1994; Peters and Cassa, 1994; Calvert et al., 1996;
Katz, 2005). Therefore, the tectono-sedimentary evolution of a basin
needs to be carefully assessed during any source rock evaluation
program.

In the Vgring Basin, of the mid-Norwegian margin, the traditional
Upper Jurassic source rock (i.e. the Spekk Formation) is classified as
over-mature due to deep burial caused by extensive rifting and crustal
thinning in the Late Jurassic — Early Cretaceous, and subsequent depo-
sition of several kilometers thick Cretaceous and Cenozoic sediments (e.
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g. Doré et al., 1999; Brekke, 2000; Zastrozhnov et al., 2020). In addition, of Late Cretaceous and Palaeocene age (e.g. Doré et al., 1997b; Brekke

limited well-control and variable seismic quality due to complex fault et al.,, 1999; Mann et al., 2002). Although a thermally mature source
geometries and, particularly, great burial depths (i.e. 6 — 9 s TWT; rock unit has yet to be proven in the Cretaceous succession in the Vgring
Brekke, 2000; Zastrozhnov et al., 2020) make it difficult to identify Basin, biomarker components found in hydrocarbons from the Ellida,
alternative Upper Jurassic and Lower Cretaceous organic-rich units in Ormen Lange and Snefrid Nord discoveries strongly suggest the presence
the deepest parts of the basin. As a result, exploration strategies in the of a post-Jurassic source rock (Garner et al., 2017; Matapour and Karl-
area have focused on plays with younger source rocks, particularly those sen, 2018). One such potential source rock unit may be organic rich
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Norwegian Margin. Wells and seismic composite lines utilized in this study are annotated. The structural elements (black lines), minor (light blue lines) and major
faults (purple thick lines) are implemented after Gernigon et al. (2021). (B) Simplified geo-seismic profile outlining the structural trend and configuration of the
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deposits of late Cenomanian — early Turonian age, which has been
encountered in an exploration well on the Sklinna High (exploration
well 6506/11-3; see NPD Factpages, 2022, Fig. 1 for location). The
age-equivalent organic-rich unit, the Blodgks Formation, in the North
Sea, reportedly has good source rock qualities despite its thin develop-
ment there (Isaksen and Tonstad, 1989). On the conjugate margin
onshore East Greenland, several outcrop and shallow borehole infor-
mation give hints to the presence of a potential mid-Cretaceous source
rock, including oil stains in younger clastic deposits, as well as isotope
and biomarker data compatible with a possible Cretaceous source rock
(Bojesen-Koefoed et al., 2020). Age-equivalent organic-rich unit with
source rock potential have also been documented in the Kanguk For-
mation within the Sverdrup Basin, and the Smoking Hills Formation in
the Mackenzie Delta area, Arctic Canada (Leith et al., 1993; Lenniger
et al., 2014; Herrle et al., 2015; Schroder-Adam et al., 2019). Previous
work in the Vgring Basin has also documented the occurrence of
organic-rich marine mudstones in Barremian, Aptian and Albian strata
(Jongepier et al., 1996; Doré et al., 1997b; Wenke et al., 2021).
Regardless of the deep burial, it has been speculated that some of these
intervals may hold some source rock potential (Brekke et al., 1999).

It is well known that the Cretaceous period experienced several
short-lived Oceanic Anoxic Events (OAEs) which promoted widespread
deposition of organic-rich mudstones (Schlanger and Jenkyns, 1976:
Arthur and Schlanger, 1979; Jenkyns, 1980; Arthur et al., 1987, 1990;
Bralower et al., 1993 Erbacher et al., 1996; Midtkandal et al., 2016). The
two most prominent events, the OAE 1a in the early Aptian (i.e. the Selli
Event) and the OAE 2 at the Cenomanian — Turonian transition (i.e. the
Bonarelli Event), are both attributed to eustatically rising sea level and
elevated marine productivity primed by volcanic activity and increased
sea surface temperatures (Arthur et al., 1987; Erbacher et al., 1996;
Leckie et al., 2002; Turgeon and Creaser, 2008; Adams et al., 2010).
Source rocks associated with the OAE 2 are highly prolific and have
apparently sourced a quarter of the World’s petroleum (Klemme and
Ulmishek, 1991).

However, because so few wells penetrate Cretaceous strata in the
Vgring Basin, the distribution of potential source rocks in this interval is
highly uncertain and the inferred presence of prolific Cretaceous source
rocks remains speculative. In this study, we combine high-resolution
regional 2D seismic data, available Rock-Eval data, and well logs, to
map the distribution of and evaluate the source rock potential of several
organic-rich units in the Cretaceous succession in the Vgring Basin. We
particularly focus on organic-rich deposits associated with the Cen-
omanian/Turonian strata, and by applying traditional source rock
evaluation methods (sensu Peters and Cassa, 1994) the potential of these
deposits is meticulously assessed. We also present a depositional model
for the Cenomanian — Turonian interval in the Vgring Basin, further
arguing that sea-level rise and increased primary productivity during the
OAE 2 coupled with extensive rifting fostered favorable conditions for
organic-rich units to be deposited. Finally, we discuss our findings in
relation to the tectono-sedimentary evolution of the Vgring Basin and its
wider implications for the prospectivity of the mid-Norwegian margin.

2. Geological framework
2.1. Lower Cretaceous structural development

The development of the mid-Norwegian margin is related to a series
of post-Caledonian rifting phases, which eventually led to the complete
separation of Norway and Greenland in the Eocene (Doré et al., 1999;
Brekke, 2000; Tsikalas et al., 2005; Lundin et al., 2013; Peron-Pinvidic
and Osmundsen, 2018; Zastrozhnov et al., 2020). The preexisting
structural grain influenced the segmentation and overall geometry of the
subsequent rift basins, and the conjugate margins was from early onset
of rifting the fundamental source of sediments (Rotevatn et al., 2018).
The Vgring Basin was formed by predominately two rifting phases
during the Late Jurassic — earliest Cretaceous, and the Late Cretaceous —
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Paleocene (Blystad et al., 1995; Tsikalas et al., 2005; Faleide et al., 2008;
Zastrozhnov et al., 2020). The western limit of the Vgring Basin is
characterized by massive intrusive and extrusive volcanic depositions
(Peron-Pinvidic and Osmundsen, 2018; Zastrozhnov et al., 2020). This
magmatic activity is linked to the continental breakup and started after
the final rift phase in the Late Cretaceous — Paleocene (Planke et al.,
2005; Abdelmalak et al., 2016). The eastern limit and proximal regime
of the Vgring Basin is defined by the Trgndelag Platform and the Halten
and Dgnna terraces (Fig. 1). The southern boundary is defined by the Jan
Mayen Corridor, which separates it from the Mgre Basin. Towards the
north, the Vgring Basin is separated from the narrow Lofoten-Vesteralen
margin by the Bivrost Lineament (Tsikalas et al., 2019; Brekke, 2000;
Zastrozhnov et al., 2020). The Vgring Basin contains several intra
basinal highs and subbasins, reflecting a complex structural history. The
most important structural elements for this study are in the necking and
distal domain which are characterized by hyperextended half-grabens
(Peron-Pinvidic and Osmundsen, 2018; Zastrozhnov et al., 2020), and
include the (Alphabetically): Gjallar Ridge, Golma Subbasin, Halten
Terrace, Rés Basin, Sklinna Ridge, Traena Basin and the Vigrid Syncline
(Fig. 1). A brief outline of their structural development is given below.

2.1.1. Gjallar Ridge

The Gjallar Ridge is located in the outer part of the Vgring Basin
(Fig. 1) and is bounded by the Vigrid Syncline to the east and by the
Fenris Graben to the west. The Gjallar Ridge consists of a series of NE
trending rotated fault blocks, formed during the Late Cretaceous — Early
Paleocene rift phase, prior to complete continental breakup later in the
Cenozoic (Gernigon et al., 2003; Zastrozhnov et al., 2018, 2020).

2.1.2. Golma Subbasin

The Golma Subbasin is a N-S trending subbasin confined between
the Halten Terrace and the Slettringen Ridge (Fig. 1). Towards the north,
the Golma Subbasin transitions into the Ras Basin and in the south to the
Holmen Subbasin. Based on the presence of a thick Lower Cretaceous
succession, the Golma Subbasin clearly acted as a prominent depocenter
during Early Cretaceous times (Zastrozhnov et al., 2020).

2.1.3. Halten Terrace

The Halten Terrace is a faulted terrace transitionally located between
the Trgndelag Platform in the east and the Ras Basin in the west (Fig. 1)
The terrace is c¢. 80 km wide and c. 130 km long, bounded by fault
complexes along all its margins (e.g. Blystad et al., 1995; Hansen et al.,
2021; Bell et al., 2014; Gernigon et al., 2021). Its formation involves
multiple extensional phases during the Palaeozoic, Mesozoic and earliest
Cenozoic (Blystad et al., 1995; Doré et al., 1997a; Hansen et al., 2021).
The main structural shaping is attributed to the Late Jurassic to Early
rifting phase which formed several fault-bound depocenters, that
eventually joined into a single depocenter in the Late Cretaceous (e.g.
Bell et al., 2014). The Halten Terrace includes a Lower to Upper
Cretaceous succession (c. 0.8 S TWT thick, including Cenomanian de-
posits) which is markedly thinner than the equivalent stratal succession
in the Vgring Basin, yet thicker and more complete than the condensed
and commonly eroded stratal package sitting on the platform domain
further to the east. Deep marine conditions prevailed during deposition
of Lower to Upper Cretaceous sediments (Blystad et al., 1995; Doré et al.,
1997a; Hansen et al., 2021). These sediments were predominantly
sourced from regional highs (e.g. Sklinna High and Frgya High) and the
Trgndelag Platform which separated from the Halten Terrace in the Late
Cretaceous (Blystad et al., 1995; Brekke et al., 2001).

2.1.4. Rds Basin

The Rés Basin is delimited to the east by the Halten and Dgnna
Terraces, separating them are the Klakk and Ytreholem Fault Complexes
(Blystad et al., 1995; Zastrozhnov et al., 2020). The Fles Fault Complex
separates the Rés Basin from the Vigrid Syncline in the west, while the
southern and northeastern boundaries are defined by the Jan Mayen and
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Surt Lineaments. (Blystad et al., 1995). The Rés Basin contains thick
Cretaceous deposits where the greatest thickness (c. 5S TWT) is reported
along the central axis of the basin (Blystad et al., 1995). As such, the
basin was a major depocenter for sediments throughout the Cretaceous
period (Zastrozhnov et al., 2020).

2.1.5. Sklinna Ridge

The Sklinna Ridge is located on the western margin of the Halten
Terrace (Fig. 1). The N-S elongated ridge is c. 140 km long and 13 km
wide. The Sklinna Ridge was formed due to uplift along the Klakk Fault
Complex during the Late Jurassic — Early Cretaceous rifting event
(Blystad et al., 1995). Consequently, the top of the ridge has been subject
to erosion since its formation and has been a local sediment source for
Lower to Upper Cretaceous sediments (Blystad et al., 1995; Bell et al.,
2014; Hansen et al., 2021). Internally, the ridge has a complex fault
pattern with a series of intersecting N-S- and NE-SW-striking faults
(Blystad et al., 1995).

2.1.6. Treena Basin

The Traena Basin is an elongated NE-SW oriented feature in the
northeastern part of the Vgring Basin. It is bounded in the east by the
Ytreholmen Fault Zone along the Dgnna Terrace in the south and the
Revallet Fault Complex along the Nordland Ridge to the north (Fig. 1;
Blystad et al., 1995). The western flank is defined by the Fles Fault
Complex which bounds the Utgard High. To the south and north the
basin is delimited by the Surt and Bivrost lineaments, respectively. The
Treena Basin was formed by Late Jurassic — Early Cretaceous crustal
extension and faulting, subsequently undergoing significant thermal
subsidence. (Blystad et al., 1995; Zastrozhnov et al., 2020). Conse-
quently, the basin contains deeply buried Lower Cretaceous sediments.
The Trzena Basin was also a prominent depocenter during the Late
Cretaceous (Zastrozhnov et al., 2020).

2.1.7. Vigrid Syncline

The Vigrid Syncline is oriented NE-SW and is bounded by the Gjallar
Ridge to the west, the Fles Fault Complex to the east, the Surt Lineament
to the north and the Jan Mayen Lineament to the south (Fig. 1). Much of
the strata in the Vigrid Syncline is made up of Upper Cretaceous
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deposits, with thicknesses reaching c. 4.5 S TWT, albeit significantly
thinning along the western flank (Blystad et al., 1995). Based on the
occurrence of Lower Cretaceous strata, the Vigrid Syncline also acted as
a depocenter during the Early Cretaceous (Zastrozhnov et al., 2020).

2.2. Lower Cretaceous stratigraphy

The Lower Cretaceous succession on the mid-Norwegian Continental
margin has traditionally been divided into the Lyr (Late Berriasian —
Early Aptian), Lange (Berriasian — Turonian) and Lysing (Latest Turo-
nian - Early Coniacian) Formations, collectively assigned to the Cromer
Knoll Group (Dalland et al., 1988). Recently, however, the original
Lange Formation, as defined by Dalland et al. (1988), has been
sub-divided into the Langebarn (Berriasian — Late Albian) and the Bl&-
lange Formations (Early Cenomanian — earliest Coniacian) (Fig. 2A) cf.
Gradstein et al. (2010). Concomitantly, the Bldlange Formation has been
re-assigned to the Shetland Group, and the renowned turbidite
sandstone-dominated Lysing is now ranked as a member of the Blélange
Formation (Gradstein et al., 2010) The Lyr and Langebarn Formations
are retained within the Cromer Knoll Group (Fig. 2).

The base of the Cretaceous succession is defined by the regional
extensive erosive boundary, referred to as the Base Cretaceous Uncon-
formity (BCU) (e.g. Feerseth and Lien, 2002; Faleide et al., 2015).

The 0.5-444 m thick Lyr Formation (Late Berriasian -early Aptian)
was deposited under open marine conditions and consists of grey to light
grey-green marls with interbedded carbonates (Dalland et al., 1988;
Gradstein et al., 2010). The Lyr Formation is regionally extensive and
stretch across from the Trgndelag Platform to the Halten Terrace. but the
unit is eroded or extremely condensed on the Nordland Ridge and has
not been penetrated by any exploration wells further west in the Vgring
Basin, suggesting that the unit represents a shallow shelf deposit. The
upper part of the formation may show a sharp gamma ray response, that
may be attributed to the presence of lower Aptian organic-rich mud-
stones deposited under the OAEla. See NPD Factpages (2022) for type
and reference wells (i.e. 6506/12-1 and 6407/1-2).

The overlying Langebarn Formation (Berriasian — Late Albian) is
3-467 m thick and consists mainly of marine mudstones with some
limestone stringers and occasional sandstone units (Dalland et al., 1988;
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Fig. 2. (A) Lithostratigraphic overview of the Lower Cretaceous succession on the mid-Norwegian Margin. The succession has been subdivided into a series of mega-
sequences by Farseth and Lien (2002). The Chronostratigraphic chart has been modified after Cohen et al. (2013). The interpreted seismic horizons and sequences
are annotated. B) Well correlation of four selected wells situated on the south-western margin of the Halten Terrace, showing the presence of four organic-rich units
with high GR and TOC values: (1) an upper Hauterivian in well 6407/4-1, (2) a Barremian unit in well 6407/1-3 (3) a lower Aptian unit well 6407/1-3 and (4) an
upper Cenomanian potential source rock unit in well 6506/11-3 and partly in 6407/4-1. Abbreviations: iuCn: intra upper Cenomanian reflector, iuAl: Intra upper
Albian reflector, ilA: intra lower Aptian reflector, iB: intra Barremian reflector, iuH: intra upper Hauterivian reflector, BCU: Base Cretaceous Unconformity, BPU: Base
Paleogene Unconformity, GR: Gamma ray log, DEN: Density log, TOC: Total organic carbon (wt. %).
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Gradstein et al., 2010). The formation was deposited in shallow to deep
marine environments (Dalland et al., 1988; Gradstein et al., 2010). The
Langebarn Formation is laterally extending across the Halten and Dgnna
terraces and the basinal area but is eroded on the Nordland Ridge.

The up to 1573 m thick (well 6505/10-1) Blalange Formation (Early
Cenomanian - earliest Coniacian) consists predominantly of dark grey to
brown mudstones with limestone stringers, but locally include several
tens of meters thick turbidite sandstone units (such as the Lysing
Member sandstones) which accumulated in isolated fault-bound basins
on the Halten and Dgnna terraces and along the Mgre margin (e.g.
Vergara et al., 2001; Fjellanger et al., 2005; Martinsen et al., 2005;
Gradstein et al., 2010; Bell et al., 2014). Most of the mudstones of the
Blalange Formation was deposited in a relatively deep, restricted marine
environment strongly influenced by the rift-related bathymetry of the
region and the limited connection between the various basins of the
North Atlantic rift system (Gradstein et al., 1999). Due to limited water
circulation, a stratified water column and widespread oxygen deficient
bottom water conditions developed. The potential upper Cen-
omanian-lower Turonian source rock unit investigated in this paper
occur within the Blalange Formation (Fig. 2).

3. Data and methods
3.1. Seismic data

Several high-resolution 2D seismic surveys (MNR 2004-2011) have
been analyzed to establish and map the seismic horizons used to
investigate the organic-rich units in the Cretaceous succession of the
Vgring Basin. These surveys have different orientation and variable
spacing between seismic lines, ranging from 1 to 8 km. Frequencies
typically range between 10 and 50 Hz. The polarity convention for the
dataset is zero-phase, normal polarity (sensu Sheriff, 2002).

In the Vgring Basin, most of the Lower Cretaceous succession is
deeply buried down to depths of 6-9 S TWT, thus confidence in seismic
interpretation and reflector correlation towards the deeper segments is
strongly affected by decreasing seismic quality with depth. However, the
overall quality of the seismic data is good, although there are some
noticeable differences between the surveys.

3.1.1. Mapping of potential source rock units

A total of seven seismic horizons of regional to semi-regional extent
have been defined and mapped in this study (Fig. 2). These includes the
Base Cretaceous Unconformity (BCU; sensu Faerseth and Lien, 2002), the
intra upper Albian (iuAl) and the intra upper Cenomanian horizon
(iuCn), which have been interpreted on regional scale and further tied to
key wells in the outer Vgring Basin. In addition, the intra upper Hau-
terivian (iuH), intra Barremian (iB), intra lower Aptian (ilA), and intra
upper Turonian (iuTu) seismic horizons have been interpreted at
semi-regional scale on the Dgnna and Halten terraces. These horizons
are not correlated towards the deeper basin segments due to the lack of
well data, diminishing seismic quality and the corresponding uncer-
tainty in tracing these reflectors basinwards. In addition, any organic
matter associated with these horizons would presumably be classified as
overmature in the deeper basin segments. For this reason, these units are
treated superficially throughout the remaining part of the paper.

Age determination of the mapped seismic horizons are guided by the
works of Gradstein et al. (2010) and Zastrozhnov et al. (2020), together
with well tops from the publicly available database of the Norwegian
Petroleum Directorate (NPD Factpages, 2022) and in-house data pro-
vided by Wintershall-Dea Norway.

3.2. Well data
Wireline data from 12 exploration wells are included in this study,

each dataset including Gamma ray (GR), Acoustic (AC/DT), Density
(DEN), Neutron (NEU) and deep resistivity (RDEP) logs. We have
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established the time-depth relationship trough calibration of checkshots.
Wireline logs are generally regarded to be a good supplement to seismic
data when evaluating the presence of potential source rock units (Lgseth
et al.,, 2011; Hagset et al., 2022). As such, to confirm the presence of
potential source rock units mapped in the seismic data, wireline log
signals are integrated with digitalized total organic carbon (TOC) con-
tent logs derived from the Rock-Eval data. The thicknesses of the po-
tential source rock units are estimated from the wireline data and
subsequently, TOC samples within the interval, or from stratigraphically
nearby intervals, are evaluated. Characteristic wireline responses to
organic rich units are described in Hagset et al. (2022).

3.3. Rock-Eval data and interpretation

The Rock-Eval database is based on samples from sidewall cores or
drill cuttings from 12 exploration wells. The database is thus based on
results from previous geochemical analysis. Data quality control has
been conducted to ensure that abnormal values are excluded. Unfortu-
nately, some of the samples are missing values for the oxygen index (OI).
In addition, sample spacing varies between each well, making it difficult
to evaluate thin, intervening organic-rich deposits. In these cases, the
nearest sample to the organic-rich unit have been used where applicable.
The Rock-Eval database has been implemented into a Petrel project,
making it possible to evaluate the link between seismic character,
wireline logs and Rock-Eval data. This also help identify organic-rich
units during well correlation and in the seismic section (e.g. Hagset
et al., 2022). The complete Rock-Eval database is provided in the online
supplementary file SF1.

This study applies traditional source rock evaluation following the
principles of Espitalié et al. (1977), Peters (1986) and Peters and Cassa
(1994) in order establish the type, richness, and thermal maturity of the
organic-rich units. The thermal maturity has been established using Tpax
values, because there are no vitrinite reflectance (R,) data available.

4. Results
4.1. Lower Cretaceous seismic sequences and bounding surfaces

Six genetic sequences (SO — S5) and their corresponding bounding
surfaces (i.e. the BCU, iuH, iB, ilA, iuAl, iuCn, iuTu reflectors of this
study) have been recognized and interpreted in the Lower to lowermost
Upper Cretaceous succession in the Vgring Basin (Figs. 3 and 4). Apart
from the Base Cretaceous Unconformity (BCU), which defines the base
of the Lower Cretaceous succession, and the unconformity related to the
iuCn reflector on the Halten Terrace, the sequence-bounding surfaces
presumably represent maximum flooding surfaces. Below follows a
description of the seismic characteristics of each genetic sequence and
their bounding surfaces.

4.1.1. Sequence 0 (Berriasian — Hauterivian)

Sequence 0 is bounded at the base by the BCU and at the top by the
intra upper Hauterivian reflector (iuH). The BCU defines the base of the
Lower Cretaceous succession and is characterized by a continuous and
prominent seismic acoustic impedance contrast. The BCU is regional
extensive and can be interpreted with high confidence. The iuH reflector
has a variable continuity and negative amplitude character. Sequence
0 is deeply buried in the Vgring Basin and severely condensed on the
Halten and Dgnna terraces (Fig. 3). Internally, Sequence O has a sub-
parallel reflection configuration, where reflectors appear semi-coherent
with low to medium amplitudes.

4.1.2. Sequence 1 (Hauterivian — early Barremian)

Sequence 1 is bounded at the base by the iuH reflector and at the top
by the intra Barremian reflector (iB). The iB reflector is discontinuous
and has a weak negative amplitude. Sequence 1 is present on the Halten
Terrace in downfaulted sections and towards the western margin of the
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Fig. 3. Composite seismic profile crossing the southern Halten Terrace, displaying the stratigraphic framework of the condensed Lower Cretaceous succession with
the sequences of this study indicated (S0-S6). The seismic has been tied to wells 6407/4-1, 6406/6-1, 6407/1-3 and 6506,/11-3. The corresponding well-correlation
is shown in Fig. 5, whereas location of the composite seismic profile and wells is shown in Fig. 1. Abbreviations for seismic reflectors: iuTu: intra upper Turonian,
iuCn: intra upper Cenomanian, iuAl: intra upper Albian, ilA: intra lower Aptian, iB: intra Barremian, iuH: intra upper Hauterivian.
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Fig. 4. Composite seismic line crossing the Treena Basin, Halten Terrace, Sklinna Ridge and Rés Basin. The seismic profile is displaying the stratigraphic framework of
the Lower Cretaceous succession. Wells 6506/6-1, 6506/9-1, 6506/11-3 and 6505/10-1 are tied to the seismic. Note the deep position and lack of well control of
the Lower Cretaceous horizons in the Trana and Rés Basins. Location of the composite seismic profile and wells is shown in Fig. 1. Abbreviations: iuTu: intra upper
Turonian, iuCn: intra upper Cenomanian, iuAl: intra upper Albian, ilA: intra lower Aptian, iB: intra Barremian, iuH: intra upper Hauterivian, KFC: Klakk

Fault Complex.

terrace (Fig. 3). The sequence is strongly condensed and has semi-
coherent, subparallel reflectors with low amplitude characteristics.

4.1.3. Sequence 2 (Barremian — Early Aptian)

Sequence 2 is bounded at the base by the iB reflector and at the top
by the intra lower Aptian reflector (ilA). The ilA reflector is continuous
over the Halten Terrace and is characterized by low amplitudes (Fig. 3).
Locally, sequence 2 is strongly condensed and the ilA reflector is
obscured in places. Sequence 2 has a semi-coherent subparallel reflec-
tion configuration on the Halten Terrace, highly affected by erosion or
non-deposition (Fig. 3).

4.1.4. Sequence 3 (Early Aptian — Late Albian)

Sequence 3 is bounded at the base by the ilA reflector and atop by the
intra upper Albian reflector (iuAl). The iuAl reflector has a medium
negative amplitude and is continuous across the Halten Terrace and can
be traced into the Ras and Traena basins (Fig. 3). The internal reflection
configuration of sequence 3 show parallel to subparallel reflectors,
which has a low to medium amplitude. These reflectors are discontin-
uous and have low amplitudes within the deeper segments of the Ras
and Traena basins (Fig. 4).

4.1.5. Sequence 4 (Late Albian — latest cenomanian)
Sequence 4 is bounded at the base by the iuAl reflector and atop by
the iuCn reflector. The iuCn seismic reflector is continuous with low —
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medium amplitude characteristics. The reflector is regionally distrib-
uted on the mid-Norwegian margin and penetrated by most of the wells
on the Halten Terrace. Internally, Sequence 4 show subparallel discon-
tinuous reflectors with low-medium amplitude characteristics.

4.1.6. Sequence 5 (latest cenomanian — late turonian)

Sequence 5 is bounded at the base by the iuCn reflector and atop by
the iuTu reflector. The iuTu reflector has a negative amplitude and
appear continuous on the Halten Terrace. The reflector, which marks the
end of the Turonian stage, can be interpreted with high confidence
across the Vgring Basin. Internally, sequence 5 has subparallel semi-
coherent reflectors with variable amplitude characteristics (Fig. 3).

4.2. Potential Lower Cretaceous source rock units

Five negative reflectors have been recognized and mapped in the
study area. These are the: i) intra upper Hauterivian (iuH), ii) intra
Barremian (iB), iii) intra lower Aptian (ilA), iv) intra upper Albian
(iuAl), and v) the intra upper Cenomanian (iuCn) reflectors. These re-
flectors correlate to wireline signals and raised TOC contents in several
of the key exploration wells (Fig. 5; Table 1), presumably indicating the
presence of organic-rich units (Lgseth et al., 2011; Hagset et al., 2022).

The Lower Cretaceous organic-rich units, in particular those associ-
ated with the iB, ilA, and iuAl reflectors, are present on the Halten
Terrace, as evident by increased TOC and S2 values in wells 6407/4-1,
6406/6-1, 6407/1-3 and 6506/11-3 (Fig. 5). However, it is generally
difficult to tie the wireline signals of these units to distinct reflectors as
the thickness of the individual units appear to be below seismic reso-
lution. Occasionally, some of the related reflectors can be recognized in
downfaulted blocks on or along the margin of the terrace (Figs. 3 and 4).
Nonetheless, due to limited well-control, variable seismic quality and
resolution, complex fault geometries, and great burial (i.e. 6 — 8 s TWT),
all the reflectors which possibly relate to Lower Cretaceous organic-rich
units are difficult to identify and confidently tie to the deeper basinal
segments of the mid-Norwegian margin (Fig. 4). Although the thickness
and potential of these units may be greater in the adjacent Ras and
Treena basins (Fig. 4), we will focus on the organic-rich unit corre-
sponding to the upper Cenomanian reflector in the remaining part of this
paper. A detailed description of this organic-rich unit is given below,
whereas the sampled intervals, typical wireline signals, TOC contents,
and Rock-Eval parameter S2 is summarized in Table 1.
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4.2.1. The intra upper cenomanian reflector

4.2.1.1. Lateral distribution and seismic characteristics. The iuCn
reflector is traceable across the Halten Terrace and generally appears as
a continuous reflector of low to medium negative amplitudes (Fig. 3).
Albeit amplitude characteristics can change laterally, the reflector re-
mains coherent over most of the Halten Terrace and the Sklinna Ridge.
Towards the southwestern margin of the Halten Terrace, the iuCn
reflector is downfaulted along the Klakk Fault Complex into the Golma
Subbasin (Fig. 4), where the reflector remains continuous with low to
medium negative amplitudes. The iuCn reflector is tied to well 6505/
10-1 in the Golma Subbasin (see iuCn and well 6505/10-1; Fig. 4). From
this location, the reflector can be traced laterally over the Slettringen
Ridge, paralleling the Klakk Fault Complex further into the Ras and
Treena Basins.

In the Rés Basin, the iuCn reflector has the same configuration with
continuous low to medium negative amplitudes (Figs. 4 and 6A) To-
wards the more distal domain, the iuCn reflector can be traced past the
Fles Fault Complex and into the deeper Vigrid Syncline (Fig. 6A). Here,
the reflector remains coherent with low to medium negative amplitude,
only segmented by minor down-faulting and doming. The reflector
onlaps the uplifted Gjallar Ridge, where the reflector is penetrated by
well 6603/5-1 S (Fig. 6A).

The iuCn reflector can also be mapped and traced along the Vigrid
Syncline, where it is correlated to well 6705/10-1 situated at the mar-
gins of the northern part of the Gjallar Ridge and well 6607/5-1 located
at the Utgard High (Fig. 6B). At this location, in the deeper parts of the
Vigrid Syncline, the iuCn reflector have low — medium negative ampli-
tudes and appear semi-coherent (Fig. 6B).

4.2.1.2. Well correlation. Fig. 5 shows a well correlation panel from the
southern parts of the Halten Terrace and Sklinna Ridge. Here, the iuCn
reflector corresponds to the top of an interval exhibiting increased TOC
contents and S2 values in wells 6407/4-1, 6407/1-3 and 6506/11-3
(Fig. 5). Concomitantly, wireline logs indicate slightly increased GR and
RDEP values in response to the raised TOC content in well 6506/11-3
(Fig. 5). In contrast, wireline logs in well 6407/1-3 and 6407/4-1 do not
show any significant response to the increased TOC content (Fig. 5).
Increased TOC and S2 levels are also recorded in well 6507/2-3 situated
near the Dgnna Terrace (Fig. 1 and Table 1).

The correlation panel shown in Fig. 7 includes exploration wells
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Fig. 5. Correlation of wells 6407/4-1, 6406/6-1, 6407/1-3 and 6506/11-3 on the Halten Terrace and Sklinna Ridge. The seismic reflectors mapped in this study is
annotated, including the BCU (Base Cretaceous unconformity), iuH (intra upper Hauterivian), iB (intra Barremian), ilA (intra lower Aptian), iuAl (intra upper Albian)
and iuCn (intra upper Cenomanian). Abbreviations: GR. Gamma ray, DEN: Density, AC: Acoustic/Sonic, RDEP: Deep Resistivity, TOC: Total Organic Carbon. S2:
Rock-Eval “S2” parameter. Scaling and color schemes are indicated. The Black points along the TOC and S2 log are sample points. Location of wells is indicated

in Fig. 1.
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Table 1

Marine and Petroleum Geology 149 (2023) 106102

Interval, wireline log and Rock-Eval values for the upper Cenomanian organic-rich unit in key exploration wells situated on the Halten Terrace and elsewhere in the
Vgring Basin. Average values are given in brackets. Single values indicate one sample point for the interval. Rock-Eval values in well 6603/5-1 S are taken close to the
sample interval.

Well Interval (m) GR (gAPI) DEN g/cm® AC (us/ft) RDEP (ohm.m) TOC (Wt %) S2 (mg/g)
6407/4-1 3503-3521 40-60 2.4-2.6 95-105 1.1-1.6 2.66-2.78 (2.72) 2.46-2.69 (2.58)
6406/6-1 3856-3868 55-70 2.2-2.6 80-95 1.25-1.7 0.84 0.43
6407/1-3 3412-3430 45-70 2.75-2.43 85-105 1.47-4.8 None in interval: 0.8 3.11
6506/6-1 3797-3833 44-85 2.5-2.92 80-100 1.65-2.75 0.68-3.83 (1.83) 0.29-5.13 (2.36)
6506/12-3 3563-3595 35-67 2.3-2.53 78-105 1.29-2.83 0.79-1.86 (1.14) 0.23-13.08 (3.58)
6507/2-3 3253-3263 N/A 2.29-2.56 83-102 1.85-3.32 0.75-11.88 (2.30) 1.12-28.06 (4.11)
6607/5-1 3653-3693 85-250* 2.33-5.7 94-105 1.0-2.2 0.18-0.75 (0.56) 0.06-0.72 (0.41)
6506/11-3 3912-3942 30-75 2.3-2.75 80-110 1.0-6.1 0.19-5.07 (2.53) 0.03-7.89 (2.30)
6505/10-1 4940-4964 80-100 N/A 98-61 1.78-5.5 1.20-1.50 (1.35) 3.08
6603/5-1 S 3825-3848 98-85 2.60-2.70 84-93 2.2-2.85 0.89-1.00 (0.94) 1.24-1.28 (1.26)
6705/10-1 3603-3621 82-95 2.3-2.5 N/A 2.5-3.4 1.97 5.82
6608/2-1 S 3882-2998 80-145 2.4-2.75 80-95 1.6-3.9 N/A N/A
Golma Subbasin S Giallar Ridge
A . 6505/10-1 . Vigrid Syncline 6603/?“-,\/13

TWT (ms)

0 5 10 15 20 25km
[ - — ]
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Fig. 6. Composite seismic lines crossing the outer part of the Vgring Basin.(A) Composite seismic section indicating the correlation between well 65005/10-1 in the
Golma Subbasin and well 6603/5-1 S at the southern part of the Gjallar Ridge. B) Seismic composite line displaying the correlation between well 66007/5-1 at the
Utgard High and well 6705/10-1 at the northern section of the Gjallar Ridge. Seismic reflectors and sequences are annotated. Location and orientation of the
composite lines is indicated in Fig. 1. Abbreviations: iuTu: intra upper Turonian, iuCn: intra upper Cenomanian, iuAl: intra upper Albian, ilA: intra lower Aptian, iB:
intra Barremian, iuH: intra upper Hauterivian.
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Fig. 7. Correlation of wells 6506/11-3, 6505/10-1, 6603/5-1 S, 6705/10-1 and 6608/2-1 S demonstrating the extent and character of the iuCn reflector (intra
upper Cenomanian) and the base of the associated organic-rich unit. Location of wells is indicated in Fig. 1. Abbreviations: GR. Gamma ray, DEN: Density, AC:
Acoustic/Sonic, RDEP: Deep Resistivity, TOC: Total Organic Carbon. S2: Rock-Eval “S2” parameter. Scaling and color schemes are indicated. The Black points along

the TOC and S2 log are sample points.
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6506/11-3, 6505/10-1, 6603/5-1 S, 6705/10-1 and 6608/2-1 S and
document the extent and character of the iuCn reflector. The three latter
wells are tied to the iuCn reflector in the outer part of the Vgring Basin.
Particularly well 6505/10-1 gives an unequivocal confirmation of the
stratigraphic position of the iuCn reflector in a deep basinal setting in the
Golma Subbasin west of the Halten Terrace. Common to these outer
basin-positioned exploration wells (i.e. 6505/10-1, 66035-1 S, 6705/
10-1 and 6608/2-1 S) is the absence of increased TOC values and
wireline responses associated with the iuCn reflector (Fig. 7).
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4.2.1.3. Evaluation and regional interpretation. A time-elevation map has
been generated for the iuCn reflector based on interpretation of the
regional 2D seismic data and the well correlations (Fig. 8). The time-
elevation map reveals that the iuCn reflector generally parallel the un-
derlying structural elements, albeit commonly being delimited by
structural highs (Fig. 8). This is also documented by the onlapping na-
ture of the reflector against for example the Sklinna Ridge and the
marked thinning of Sequence 5 onto and across the Halten Terrace
(Figs. 4 and 6). As such, the well correlation and regional seismic
interpretation, document that the iuCn reflector is laterally extensive

Fig. 9. Diagrams documenting the potential of the
upper Cenomanian source rock unit (Corresponding

o,
Toc {Wt Yo } to the iuCn reflector) in key wells on the mid-
0 Norwegian Margin. The sample points increase in
8 g ple p
4 size depending on TOC values. Each well have a
® specific marker. The sample interval and thickness is
o B shown in Table 1. Location of exploration wells is
12 indicated in Fig. 1 (A) TOC content plotted against
Rock-Eval S2 values. Kerogen type indicators are
Wwell overlying the cross plot as Hydrogen index (HI) lines.
- 6506/6-1 (B) plot of Tpayx vs. HI indicating the petroleum po-
tential and maturity of the samples. Overlying are the
v 6506/12-3 vitrinite reflectance (Ro) lines after Isaksen and Ledje
i 6507/2-3 (2001). (C) van Krevelen diagram of HI vs. OI indi-
cating the quality and maturation level of the sam-
- 8607/53-1 ples. Unfortunately, very few OI datapoints are
= 6407/4-1 available.
e B406/6-1
+ B407/1-3
m 6506/11-3
& 6505/10-1
& 6603/5-15
4 6705/10-1
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over large parts of the Vgring Basin.

Based on the negative amplitude of the reflector, affirmative wireline
log responses, increased TOC contents and S2 values, the iuCn reflector
is interpreted to represent a potential upper Cenomanian source rock
unit on the Halten Terrace, Sklinna Ridge and possibly the adjacent
Golma Subbasin, Rés and Trena basins (Figs. 3-5). Similar positive
correlations between seismic, wireline and TOC data has been used to
infer source rock units elsewhere (e.g. Lgseth et al., 2011; Marin et al.,
2020; Hagset et al., 2022) However, in the outer Vgring Basin, the
localized lack of corresponding wireline responses and variable TOC
contents (see wells 6505/10-1, 6603/5-1 S, 6705/10-1 and 6608/2-1 S;
Figs. 6 and 7) related to the iuCn reflector, indicates a rather patchy
distribution for the upper Cenomanian source rock unit. Consequently, it
is problematic to fully assess the unit’s regional potential and confi-
dently include it in exploration models. Despite these uncertainties, we
evaluate the potential of the upper Cenomanian source rock unit based
on the available Rock Eval data to facilitate further discussion and
perhaps stimulate future research initiatives.

4.3. Rock eval characteristics of the upper cenomanian source rock unit

The main characteristics of the upper Cenomanian organic-rich unit
in the selected key wells are shown in Fig. 9. The overall trend indicates
that most of the analyzed samples have poor potential indicated by low
S2 values (S2 < 2.5 mg/g) and a highly variable TOC content
(0.18-11.88 wt %; Fig. 9A). These samples have low HI values (40-150
mg HC/g TOC; Fig. 9B), and the few OI datapoints available show a
widespread value distribution (1-198 CO4/g TOC; Fig. 9C). Most of the
samples are mature with Tp.x values ranging 430-450 °C (Fig. 9B) in
proximity to the vitrinite reflectance trend line 0.88% (Fig. 9B).
Collectively, most of the samples belonging to the upper Cenomanian
organic-rich unit indicate a kerogen Type III composition and that gas
would be the main expelled product (Fig. 9C).

Samples belonging to wells situated on the Halten Terrace and
Sklinna Ridge indicate localized higher potential compared to the
samples from the deeper Vgring Basin (Fig. 9). These samples exhibit
increased TOC, S2 and HI values. In this regard, the samples which have
a kerogen Type III-II composition in wells 6507/2-3 and 6506/11-3, is
very intriguing (Fig. 9C).

Especially the samples from well 6506/11-3 stand out (Table 1 and
Fig. 9), with TOC contents and S2 values averaging 2.53 wt % and 2.30
mg/g, respectively. However, these samples have low HI values, aver-
aging 88 mg HC/g TOC, and the few OI datapoints available indicate an
average of 48 mg COy/g TOC. No vitrinite reflectance data is available
from well 6506/11-3. Still, based on the calculated average Tpax value
of 438 °C, the organic-rich unit is early mature. Collectively, this indi-
cate that the upper Cenomanian organic-rich unit is oil-mature and
kerogen Type IlI-dominated on the Sklinna Ridge.

Two samples from well 6507/2-3 indicate elevated potential for the
upper Cenomanian - unit on the Halten Terrace (Fig. 9A and B), samples
for the whole interval exhibit TOC contents and S2 values averaging
2.30 wt %. and 4.11 mg/g, respectively. The HI is averaging 137 mg HC/
g TOC, and there is no OI or vitrinite reflectance data available, but the
organic-rich unit have an average Tpax value of 432 °C, indicating that
the organic matter is immature to early mature.

The general trend of the samples from the wells situated in the
deeper Vgring Basin (i.e. 6607/5-1, 6705/10-1, 6603/5-1 S), suggest a
poor potential indicated by low S2 values and TOC contents (Fig. 9A), as
well as low HI values (Fig. 9B). Based on these parameters, the organic-
rich unit appear to have a kerogen Type III composition (Fig. 9A and B).
The average Tpax values from samples in these wells (i.e. 432, 430,
407 °C) suggests that the upper Cenomanian organic-rich unit is
immature on the eastern margins of the Gjallar Ridge and the Utgard
High. The one sample from well 6705/10-1, which deviate from the
general trend, exhibit high S2 values (5.82 mg/g), intermediate TOC
contents (1.97 wt%) and good HI values (295 mg HC/g TOC). The same
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sample also have low OI values (46 CO,/g TOC) indicating higher
qualities and a kerogen Type-II composition.

5. Discussion

The presence of an upper Cenomanian organic-rich unit with some
source potential on the Halten Terrace and the Sklinna Ridge, as well as
locally in the deeper parts of the Vgring Basin, is interesting because of
its impact on the prospectivity of area. The apparent patchy and local-
ized distribution and variable potential of the unit, suggests that its
development was influenced by the fault-segmented internal configu-
ration of the larger Vgring Basin and lateral variations in depositional
environments with superimposed fluctuations in sedimentation rates,
oxygen levels, organic productivity, and changing organic-matter pres-
ervation potential. Consequently, the most prolific zones are hard to
predict. A discussion of the potential of the upper Cenomanian organic-
rich unit and our proposed depositional model follows below.

5.1. Controls on source rock distribution and potential

The rift-related paleobathymetric configuration of the Vgring Basin
exerted a first-order control on distribution and preservation of organic
matter, directly influencing water mass circulation and bottom water
oxygenation (e.g. Swiecicki et al., 1998; Fjellanger et al., 2005; Tra-
bucho-Alexandre et al., 2012). The development and distribution of
deep, silled basins, ridges and intrabasinal highs was controlled by the
many faults and transfer zones which predominantly formed during the
Late Jurassic — Early Cretaceous rifting event, and subsequent reac-
tivation in the Late Cretaceous — Palaeocene (Farseth and Lien, 2002;
Tsikalas et al., 2012; Zastrozhnov et al., 2020). This includes, amongst
others, the Ras and Trana basins, who both experienced accelerated
subsidence in the mid-Cenomanian — Turonian (Feerseth and Lien, 2002;
Lien, 2005; Zastrozhnov et al., 2018, 2020). Similar structural controls
on water column circulation are well known from other basins and was
crucial during deposition of the renowned Upper Jurassic source rock
interval across the Norwegian Continental Shelf (e.g. Demaison et al.,
1983; Miller, 1990; Cooper et al., 1995; Isaksen and Ledje, 2001; Marin
et al., 2020).

Another critical factor for accumulating potential source rocks is
sedimentation rate (e.g. Katz, 2005; Bohacs et al., 2005). Ideally, sedi-
mentation rate should be below a critical threshold for organic matter to
be preserved without experiencing a significant dilution effect (Ibach,
1982; Bohacs et al., 2005). Based on lithology, the mudstone dominated
Cretaceous succession on the mid-Norwegian Continental shelf (Dalland
et al., 1988; Gradstein et al., 2010) has a critical threshold around 21.13
m/m.y. (silty-clay lithology: Ibach, 1982). However, the relationship
between sedimentation rate and organic content is complex (Tyson,
2001; Katz, 2005) as sedimentation rate varies across the basin (Fzarseth
and Lien, 2002) due to variable distance and connection to the sediment
source, position in relation to sea level, subsidence, climatic factors and
sediment source rock composition (Prosser, 1993; Ravnas and Steel,
1998; Feerseth and Lien, 2002). In addition to sedimentation rate, pri-
mary production and the following destruction of organic matter by
biodegradation have a fundamental control on the amount of organic
matter preserved cf. Tyson (2001) and Bohacs et al. (2005).

Structural highs which segmented the Vgring Basin during the Late
Jurassic - Early Cretaceous rifting event, formed local sediment source
areas which promoted high sedimentation rates (e.g. Bell et al., 2014).
At a regional scale, rift-shoulder uplift of the conjugate continental
landmasses bordering the North Atlantic Rift System (i.e. Western
Norway and East Greenland) promoted fast filing of the deep basin ba-
thymetry, presumably diluting the organic matter across the basin.
However, the massive influx of continentally derived sediments (as
evident by the thickness of the Cretaceous succession in the study area
and adjacent basins), including residual material such as plant detritus,
and increased fluvial run-off must periodically have enhanced primary
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production (e.g. Wakeham and Lee, 1993).

The formation of a marine source rock unit is strongly dependent on
nutrient influx to the basin either via fluvial sources or by coastal up-
welling, both having the capability of promoting increased primary
production of organic matter in the water column (Demaison et al.,
1983; Calvert et al., 1996; Wesenlund et al., 2022). Enhanced primary
production may also be caused by increased sea surface temperatures,
rising sea level and flooding of coastal areas, as well as volcanic activity
(Katz, 2005; Leckie et al., 2002; Scotese et al., 2021). The warm and
humid climate, which prevailed during the Cretaceous greenhouse
period, combined with a historically high eustatic sea-level and
wide-spread volcanism related to the emplacement of large igneous
provinces (LIPs) promoted increased biological productivity in the
ocean (Leckie et al., 2002; Scotese et al., 2021). It may also be that
increased chemical weathering and extensive deep weathering of
exposed terranes in combination with increased precipitation rates and
continental run-off contributed to the favorable conditions for main-
taining high rates of primary production (Jenkyns, 1999, 2003; Leckie
et al., 2002; Erba, 2004).

The Cenomanian - Turonian OAE 2 is represented by widespread
deposition of organic-rich mudstones that imply expansion of anoxic
and euxinic water layers on a global scale (Arthur et al., 1987; Leckie
et al., 2002). This expansion is coupled to a transgressive development,
leading to a global eustatic sea level highstand. The link between the
major eustatic sea-level highstand at the Cenomanian — Turonian
boundary (Haq et al., 1987; Miller et al., 2005) and deposition of
organic-rich mudstones (Arthur et al., 1987, 1988) was established by
Schlanger and Jenkyns (1976) and Jenkyns (1980). The increased
eustatic sea-level was caused by major volcanism and corresponding
active seafloor spreading, volume increase of mid-ocean ridges, thermal
uplift of the seafloor, as well as the prevailing greenhouse climate which
inhibited the establishment of polar icecaps (Schlanger et al., 1981;
Arthur and Sageman, 2005; Pearce et al., 2009). The associated volcanic
outgassing increased atmospheric CO; concentrations, terrestrial
weathering, and nutrient flux (e.g. Sinton and Duncan, 1997; Adams
et al., 2010). This development promoted eutrophication of the oceans
and enhanced primary production (e.g. Turgeon and Creaser, 2008). The
abundance of organic matter increased the consumption of dissolved
oxygen by bacteria during decomposition. Eventually, this caused
widespread anoxic conditions (i.e. OAE) and led to the deposition of
organic-rich mudstones (Schlanger and Jenkyns, 1976; Schlanger et al.,
1987; Arthur et al., 1987; Pearce et al., 2009).

The oxygen deficient conditions that characterize the early Aptian
OAEla is represented by an organic-rich unit on the Svalbard Platform
(Midtkandal et al., 2016) and possibly also on the SW Barents Shelf (e.g.
Hagset et al., 2022). This event was largely subject to the same con-
trolling factors as OAE 2, and has been associated with volcanic out-
gassing from the Caribbean LIP and the High Arctic LIP (e.g. Maher,
2001; Maher et al., 2004; Corfu et al., 2013; Senger et al., 2014; Polteau
et al., 2015; Midtkandal et al., 2016). The volcanism associated with
HALIP, together with the Caribbean LIP (e.g. Serrano et al., 2011) is thus
part of the larger picture explaining the occurrence of OAE 2 (e.g. Arthur
et al., 1985; Adams et al., 2010; Zheng et al., 2013; Eldrett et al., 2014;
Scaife et al., 2017).

5.2. Depositional model and source rock potential

It is well known that the fault-controlled topography/bathymetry in
rift basins may restrict water circulation which leads to anoxic condi-
tions that eventually favor source rock deposition (e.g. Heilbron et al.,
2000). Following the extensive rifting phase in the Late Jurassic — Early
Cretaceous, the mid-Norwegian margin developed to become a
restricted marine or silled basin, which promoted anoxia and deposition
of the renowned Upper Jurassic source rock. We suggest that the Early
Cretaceous rift configuration on the mid-Norwegian margin resulted in
similar conditions and thus periodically led to hypoxic to anoxic
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conditions, particularly during the Early Cretaceous pulses of global
anoxia (e.g. Beil et al., 2020), as recorded in exploration well 6608/2-1 S
(OAE 1a in well 6608/2-1 S; see Zastrozhnov et al., 2020). It is very
likely that the deep silled basin on the mid-Norwegian margin hosted a
stratified water column controlled by the fault-related bathymetry and
influx of fresh water. This physiography in combination with the
recurrent global anoxic events promoted favorable conditions for pres-
ervation of organic matter (e.g. Demaison et al., 1983) and deposition of
the Lower Cretaceous organic-rich units in the rift basins along the
mid-Norwegian margin (Jongepier et al., 1996; Doré et al., 1997b) and
on the Halten Terrace in particular (Fig. 5).

5.2.1. The upper cenomanian organic-rich unit on the Halten Terrace

The seismic investigation and evaluation of the upper Cenomanian
organic-rich unit indicate that there is increased generation potential on
the Sklinna Ridge and the northern part of Halten Terrace (i.e. wells
6506/11-3 and 6507/2-3; Table 1), with the organic-rich unit in well
6506/11-3 being recognized as the most prolific (Fig. 9). This unit has a
kerogen Type III composition, which indicate significant terrestrial in-
fluence, possibly testifying to a proximal paleo-shoreline location for
well 6506/11-3. The Tyax values indicate an early mature source rock
unit, whereas the dominant organo-facies, suggest potential for gas
expulsion. We propose a depositional model for this unit which involves
the development of an extended oxygen minimum zone in combination
with significant contributions from terrestrial sources (Fig. 10). This
model builds largely on the connection between deep-water circulation
and productively as proposed by Arthur et al. (1987).

By Cenomanian times, a rifted seaway, being the precursor of the
Norwegian Sea, had already been established for some time (Gradstein
et al., 1999; Skogseid et al., 2000) and most likely experienced a steady
inflow and exchange of water masses (Figs. 8B and 10). The onset of the
OAE 2 greatly extended the oxygen minimum zone and left much of the
water column in hypoxic to anoxic conditions (Fig. 10). These
oxygen-deficient conditions might have been intensified or prolonged
on the Sklinna High and Halten Terrace due to local upwelling (Fig. 10).
Coastal upwelling typically forces deep, nutrient-rich water (e.g. nitrates
and phosphates) to flow upwards through the water column promoting
high biological productivity in the photic zone (Demaison and Moore,
1980; Demaison et al., 1983; Wesenlund et al., 2022, Fig. 10). Conse-
quently, upwelling tends to intensify recycling of organic matter by
oxygen-utilizing bacteria, which causes anoxic and hypoxic conditions
in the mid to deeper water levels (Demaison and Moore, 1980; Demaison
et al.,, 1983). This eventually promoted preservation of significant
amounts of organic matter at the seafloor. Phosphate nodules, which
commonly occur in sediments deposited under the influence of up-
welling or other high productivity settings (e.g. Papadomanolaki et al.,
2022; Wesenlund et al., 2022), have not been recorded in this study due
to the lack of core data. However, in many reported cases, phosphate can
only be detected as minor components in fossils and microfossils (e.g.
Beil et al., 2020).

In the present case, nutrient-rich water was supplied from the deep
oceanic realm of the Atlantic Ocean (Fig. 8B). The oceanic water was
forced up against the margins of the Halten Terrace (i.e. against the KFC
and YFZ) where oxygen minimum zones developed on the shallow
marginal areas of the Halten Terrace and Sklinna Ridge due to increased
primary production, potentially explaining why the upper Cenomanian
organic-rich unit appear along the margins of these positive structural
feature (i.e. Sklinna Ridge; Fig. 10). As the upper Cenomanian organic-
rich unit only appears in a few wells (i.e. 6506/11-3 and 6507/2-3), its
is possible that the anoxic conditions were restricted to specific areas
along the margins of the Halten and Dgnna Terraces (Fig. 10). Upwelling
was most likely controlled by paleobathymetric conditions, water mass
circulation, and prevailing winds in relation to the margin. These con-
trolling factors could have restricted the extent and location of the ox-
ygen minimum zone (Fig. 10). This, in combination with high sediment
influx which diluted the organic-matter, ultimately hindered the
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development of a thick, wide-spread prolific source rock at the Cen-
omanian to Turonian transition (Fig. 10).

The kerogen Type III organo-facies composition suggests that most of
the organic matter was derived from terrestrial sources (Tissot et al.,
1979; Tissot and Welte, 1984; Demaison et al., 1983). This may indicate
that much of the organic matter entered the area via fluvial systems
coming off the conjugate margins or via deposition from land-derived
sediment gravity flows which promoted rapid burial (Fig. 10) (e.g. de
Graciansky et al., 1987). Saller et al. (2006), for example document the
presence of turbidites rich in leaves which act as a source rock in the
Miocene Kutei Basin in Indonesia. These processes may to some extent
explain the uneven vertical and spatial trend seen in the wireline values
and TOC contents (well 6506/11-3; Fig. 5).

5.2.2. The upper cenomanian organic-rich unit in the Vgring Basin

The iuCn reflector has identical amplitude characteristics on the
Sklinna Ridge, Golma Subbasin and in the Ras Basin. Despite similar
characteristics, samples from well 6505/10-1 indicate that there is no
source rock potential associated with the upper Cenomanian unit in the
Golma Subbasin (Figs. 4 and 9). In the deeper Ras Basin and the Vigrid
Syncline, the upper Cenomanian unit is confined between intrabasinal
highs, being delimited by the FFC and the KFC in the Ras Basin, and the
FFC and the Gjallar Ridge in the Vigrid Syncline (Fig. 10). Samples from
wells situated in the Vgring Basin (i.e. 6607/5-1, 6705/10-1, 6603/5-1
S) are immature — early mature for the upper Cenomanian organic-rich
unit, possibly indicating increasing maturity towards the deeper basin
segments. Samples from exploration well 6705/10-1 indicate an
elevated petroleum potential with a mixture of kerogen Type II and III
(Fig. 9). Collectively, this suggests that there is an increased possibility
of a more prolific organic-rich unit locally in the deeper segments of the
Vigrid Syncline (Fig. 10).

Sedimentation rates and oxygen levels appear to be the main controls
on quantity and quality of organic matter for the upper Cenomanian

13

organic-rich unit (e.g. Arthur et al., 1985; Demaison and Moore, 1980;
Demaison et al., 1983). Although hypoxic to anoxic water conditions
may have been induced by elevated productively during the OAE 2, the
massive sedimented input hindered development of substantial quanti-
ties of organic matter (Fig. 10). Feaerseth and Lien (2002) reported the
sedimentation rate to be on average 220 m/m.y. during the Cenomanian
—Early Campanian period. Similar values where presented by Kjennerud
and Vergara (2005) who indicated a sedimentation rate up to 300 m/m.
y. This contrasts the critical threshold for dilution of organic-matter,
reported to be 21.13 m/m.y. in silty-clay by Ibach (1982). The devel-
opment of a high-quality prolific source rock unit therefore seems
dependent on local or periodic reduction in sediment input (i.e. well
6705/10-1; Fig. 10), which further is controlled by paleobathymetric
conditions and sediment fairways in the basin (Fig. 10).

Due to the well-developed oceanic conditions between Greenland
and Norway in the Cretaceous (Gradstein et al., 1999), water mass cir-
culation promoted oxygenated bottom water conditions (Fig. 10).
However, during periods of fault-controlled restriction of the basin the
bathymetry of the rotated fault blocks promoted reduced water mass
circulation and oxygen-deficient bottom water conditions. In addition,
biostratigraphic analysis indicate a periodically semi-restricted
connection to the central Atlantic oceanic system (Gradstein et al.,
1999). Typically, this configuration with a silled basin would create
ideal conditions for the preservation of organic matter (Demaison and
Moore, 1980; Demaison et al., 1983). However, massive sediment input
due to a combination of rift-shoulder uplift of the conjugate margins and
increased weathering rates and continental run-off driven by the
Cretaceous climate, resulted in severe dilution of the organic matter
(Fig. 10). Locally, in areas less affected by sediment dilution, accumu-
lations of organic-rich deposits were preserved (i.e. wells 6603/5-1 S
and 6705/10-1), possibly indicating a patchy distribution and moderate
potential of the upper Cenomanian source rock unit in the deeper basin
segments (Fig. 10). In addition, the Rés Basin has been identified as a
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major Cretaceous depocenter during the middle Cenomanian to late
Turonian times (Zastrozhnov et al., 2020), and concomitantly experi-
enced accelerated subsidence and increased sedimentation during this
period (Farseth and Lien, 2002; Zastrozhnov et al., 2020). High sedi-
mentation rates may thus have impeded the possibility for sufficient and
widespread accumulation of organic matter in this and other similar
large depocenters on the mid-Norwegian margin (Bohacs et al., 2005).

In a regional perspective, the OAE 2 is represented by prolific
organic-rich deposits relatively close to the study area, documented in
the Sverdrup Basin, Galicia margin, Porcupine abyssal plain, and the
North Sea (Doré et al., 1997b). On the mid-Norwegian margin, the
occurrence of OAE 2 is evident by elevated TOC values and Rock-Eval
parameters at the Cenomanian/Turonian boundary in several wells
(Table 1). This confirms that OAE 2 stretched into the Norwegian —
Greenland seaway and possible into the SW Barents Shelf (Fig. 8).
However, the units are thin and condensed, making regional correla-
tions problematic, but also indicate that the occurrence of OAE 2 is not
enough for a prolific source rock unit to develop (e.g. Bohacs et al.,
2005). The lack of a laterally extensive organic-rich unit on the
mid-Norwegian margin, indicate that the extreme sedimentation rates
and circulation of oxygenated waters were dominant factors. These
factors promoted both severe dilution of the organic matter and
biodegradation, which ultimately obstructed source rock development
during OAE 2 on the mid- Norwegian margin. This contrasts the
well-developed source rock units associated with he OAE 2 in the
Sverdrup Basin and Arctic Canada (Leith et al., 1993; Lenniger et al.,
2014; Herrle et al., 2015; Nghr-Hansen et al., 2021). The conceptual
model (Fig. 10) outlining the basin configuration, could thus be appli-
cable in rift-basin setting where organic-rich units associated with OAEs
are underdeveloped due to extreme sedimentation rates and circulation
of oxygenated waters.

5.3. Implications for exploration

Although several of the Lower Cretaceous organic-rich units from the
mid-Norwegian margin appear to coincide with global OAEs (e.g. Beil
et al., 2020), our data demonstrate that most of these units are thin and
strongly condensed or eroded on the terraces and local highs, and have
been subject to deep burial. In addition, they accumulated during a
period characterized by high sedimentation rates and consequently se-
vere dilution of organic matter in the sediment depocenters. Although
petroleum from Lower Cretaceous source rocks have been postulated
from producing discoveries (Matapour and Karlsen, 2018), the occur-
rence of a regionally distributed and economically significant Lower
Cretaceous source rock unit has not yet been confirmed. However, we
cannot rule out the possibility that some of the Lower Cretaceous
organic-rich units in the Vgring Basin once acted as potential sources,
particularly in localized fault-bounded basins where the dilution effect
and erosion had a limited impact on the preservation of organic matter.

The confirmation of a mature, regionally extensive upper Cen-
omanian source rock unit will have significant impact on the pro-
spectivity of the deep, marginal basins bordering the North Atlantic Rift
System (e.g. Bojesen-Koefoed et al., 2020). In the study area, however,
our data shows that the unit has a limited thickness and modest quality
(Table 1 and Fig. 9), indicating that it only holds a limited and very
localized potential in proximity to intra-basinal highs and ridges. The
sparsely drilled deep basins may of course contain thicker organic-rich
accumulations holding greater source potential, particularly if the
depocenters were subject to recurring anoxic conditions and avoided
severe sediment dilution. Only continued exploration and drilling may
reveal the presence of a prolific Upper Cretaceous source rock unit in the
frontier basins on the mid-Norwegian margin.

6. Conclusions

By combining regional 2D reflection seismic data with wireline logs,
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total organic carbon (TOC) contents, and Rock-Eval data, this study
documents the presence of an upper Cenomanian organic-rich unit in
the Vgring Basin. The unit exhibits TOC in the range of 0.18-11.88 wt %,
S2 in the range of 0.03-28.06 mg/g and Hydrogen content between 4
and 470 mg HC/g TOC. The unit shows the greatest potential in well
6506/11-3 and 6507/2-3 located on the Sklinna Ridge and Halten
Terrace. Samples indicate that the organic-rich unit for the most part is
characterized by a kerogen Type III-II composition and is in the
immature — early mature stages, thus being capable of generating gas.

The corresponding reflector can be traced across the wider Vgring
Basin and correlated to distal exploration wells. The upper Cenomanian
organic-rich unit is encountered in well 6705/10-1 on the NW flank of
the Vigrid Syncline, where the organic-rich unit exhibit a kerogen Type
IT composition, possibly indicating periods of basin floor anoxic condi-
tions and locally reduced sedimentation rates.

We suggest that the rifted paleo-basin configuration of the Vgring
basin in combination with the global anoxic event at the transition be-
tween the Cenomanian - Turonian may have resulted in local accumu-
lations of organic material. The configuration of the margin and the
shallow character of the Halten Terrace promoted preservation of
organic matter attributed to the development of an extended oxygen
minimum zone during OAE 2 and local upwelling of deep oceanic water
masses from the Atlantic realm. Moreover, the combination of a eustatic
seal-level highstand and high input of terrestrial sediments and organic
matter, promoted deposition of the upper Cenomanian organic-rich unit.
Several other thin and condensed Lower Cretaceous organic-rich units
are present on the Halten Terrace. Although these units commonly
exhibit elevated TOC contents, they only hold limited potential due to
their meagre thickness, localized distribution, and because they were
presumably deposited during a time of severe organic matter dilution
due to massive sediment flux into the basin.

The well-developed oceanic conditions between Greenland and
Norway were parts of the northern Atlantic Ocean where widespread
deposition of organic-rich mudstones associated with the OAE 2
occurred. The rift basin configuration with paleobathymetric barriers
partly hindered water mass circulation. In combination with OAE 2, this
led to hypoxic to anoxic conditions. Thus, establishing favorable cir-
cumstances for preservation of organic matter. The close proximity to
the conjugate margins ensured high sedimentation rates, diluting much
of the organic-matter. However, areas shielded from the highest sedi-
mentation rates, erosion, and gravity flows, could have facilitated con-
ditions suitable for organic-matter preservation. Such areas occur on the
Halten Terrace and in the Vigrid Syncline. Hopefully, this could renew
interest and research on global anoxic events on the Norwegian Conti-
nental Shelf. Once we have a clear understanding about the dynamic and
complex distribution of organic-rich sediments, risk involved in explo-
ration could be significantly reduced.
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Abstract

On the Barents Shelf, the traditional Middle Triassic and Upper Jurassic organic-rich shales have been
subjected to deep burial in the marginal basins and significant uplift on the platform areas. These
source rock units are thus either spent or immature over large parts of the shelf. The occurrence of
organic-rich units in the Lower Cretaceous succession may represent a feasible alternative to these
traditional source rocks. However, there are still large uncertainties regarding the distribution and
potential of Lower Cretaceous source rock units. This study investigates and evaluates the source rock
potential of Hauterivian — early Aptian paralic strata in Spitsbergen, assigned to the Rurikfjellet and
Helvetiafjellet formations. Although these paralics are of no commercial interest and despite their
location on the far northwest corner of the shelf, they are interesting because analogous deposits may
be present in time-equivalent clinoform packages on the shelf south of Spitsbergen. We thus combine
TOC, Rock-Eval, GS-FID and vitrinite reflectance data from 10 outcrop and 25 core samples from
these units. Our findings indicate that the organic-rich units in Rurikfjellet and Helvetiafjellet
formations mostly display a kerogen Type IV — III composition. The organic matter appears to be of
mostly terrestrial origin and was deposited under oxic to sub-oxic conditions, and later subjected to
severe biodegradation. The coal samples in the upper part of the Helvetiafjellet Formation have the
highest potential with a kerogen Type II/III — III composition and overall high organic content.
However, these samples have low hydrogen index values, typical of coals. Thus, their potential as

feasible source rocks appear limited.
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7.1 Introduction

The occurrence of a thermal mature source rock is essential for a working petroleum system, and thus
crucial in hydrocarbon exploration (White, 1993). On the Barents Shelf, the traditional Middle Triassic
and Upper Jurassic black shales have been subjected to deep burial in the marginal basins to the west
and significant uplift on the platform areas to the east (e.g. Ronnevik et al., 1982; Faleide et al., 1993;
Doré¢, 1995; Grogan et al., 1999; Ohm et al., 2008; Kairanov et al., 2021). Consequently, these
desirable source rocks are either exhausted or immature over large parts of the Barents Shelf (Cedefio
et al., 2021). Previous well-established exploration models, typically derived from early efforts and
experiences in the North Sea where prolific Upper Jurassic black shales occur in half-grabens (e.g.
Barnard and Cooper, 1981), are therefore less applicable in this frontier region of the Norwegian
Continental Shelf (NCS). This have led research and exploration strategies to focus on alternative
source rocks, which have previously been regarded as nonsignificant or even neglected on other parts
of the NCS (e.g. Leith et al., 1993; Seldal, 2005; Lerch et al., 2017; Sattar et al., 2017; Hagset et al.,
2022). In this respect, the Lower Cretaceous succession, which predominantly consists of thick
accumulations of marine mudstones across large parts of the Barents Shelf, represent an interval of
particular interest because it may contain multiple potential source rock units (e.g. Ohm et al., 2008;
Hagset et al., 2022). Several workers have investigated and discussed the occurrence and likelihood of
having viable Lower Cretaceous source rocks on the Barents Shelf (e.g. Leith et al., 1993; Qygard and
Olsen, 2002; Lerch et al., 2017; Sattar et al., 2017; Ohm et al., 2008; Hagset et al., 2022), as well as on
the mid Norwegian margin (Doré¢ et al., 1997; Brekke et al., 1999; Matapour and Karlsen, 2017;
Wenke et al., 2021; Hagset et al., 2023). However, there are still large uncertainties with respect to
their lateral and stratigraphic distribution and potential across the NCS. Globally, the Cretaceous is
known to be one of the most important stratigraphic intervals for source rock units (Dor¢ et al., 1997,

Yang et al., 2014).

On the SW Barents Shelf, Hagset et al. (2022) recently documented the presence of Hauterivian to
Barremian organic-rich units which may hold some localized generation potential. These units are
typically confined to fault-bounded basins which formed during recurrent rifting along the western
shelf margin. In addition, Ohm et al. (2008) previously identified organic-rich mudstones of the Knurr
Formation (Berriasian — ?early Barremian) as the most prolific unit of the Lower Cretaceous
succession in the Hammerfest Basin. The importance of these source rock units on the northern part of
the Barents Shelf, which is unavailable for exploration, are poorly resolved due to the sparsity of
subsurface data. However, based on the contrasting paleo-geographic settings between the
southwestern and northern Barents Shelf (rifted margin vs low-gradient ramp-type shelf), and the
severe amount of uplift and erosion that the entire region experienced during the Cenozoic (e.g.
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Lasabuda et al., 2021), they are likely to be of neglectable importance. Anyhow, according to
Norwegian authorities, large volumes of unexploited hydrocarbons may be present in the subsurface of
the northern Barents Shelf, presumably with Triassic black shales being the most important source
rock of the region (NPD, 2017; Wesenlund et al., 2021; 2022). Upper Jurassic and younger organic-
rich mudstones are largely expected to be immature. Onshore Svalbard, at the exposed NW corner of
the Barents Shelf, an organic-rich mudstone unit, identified at the Barremian — Aptian boundary, have
surprisingly shown to have some generation potential. The unit presumably accumulated during a
regional flooding event in the early Aptian and may be associated with the Ocean Anoxic Event la
(Midtkandal et al., 2016; Grundvég et al., 2019; ThieBen and Grundvég, in prep.). This lower Aptian
mudstone unit appears to be gas condensate prone in some onshore wells drilled in relation to a CO»
sequestration project in central Spitsbergen (Midtkandal et al., 2016; Grundvag et al., 2019).
Moreover, coal seams, which was mined for a brief period during the early 1900’s, and organic-rich
mudstones in the Barremian — Aptian Helvetiafjellet Formation (e.g. Nemec, 1992; Midtkandal et al.,
2007; Grundvag et al., 2019) may have been the source for non-commercial volumes of dry gas
reported in a coal exploration well drilled in the early 1980°s in central Spitsbergen (Mackenzie et al.,
1983). Apart from these limited and random efforts, there are few, if any, previous contributions

which attempt to unravel the generation potential and regional significance of these paralic deposits.

In this paper we investigate a Hauterivian- to Barremian/early Aptian-aged fluvio-deltaic succession in
Svalbard, assigned to the uppermost Rurikfjellet and Helvetiafjellet formations. We combine analyses
of outcrop and core samples from these units to ascertain their petroleum potential by evaluating and
interpreting TOC, Rock-Eval, GS-FID and vitrinite reflectance data. The sedimentology and
stratigraphy of the two units, as well as the basin paleo-physiography and evolution are well known
(Nemec, 1992; Nemec et al., 1988; Midtkandal et al., 2007; Grundvag et al., 2017, 2019, 2020; Jelby
et al., 2020), which enables us to place our findings in the larger, regional stratigraphic framework of
the Lower Cretaceous succession of the NW Barents Shelf. Finally, we discuss implications for

petroleum exploration on other parts of the Barents Shelf.

7.2 Geological setting

7.2.1 Study area and geological framework

The study area is located on Spitsbergen, which is the largest island of the Svalbard archipelago (Fig.
7.1). The archipelago represents the uplifted and exposed northwestern corner of the Barents Shelf and
have a unique stratigraphic record spanning the Devonian to the Cenozoic (Olaussen et al., 2022). In
the Early Cretaceous, Svalbard was part of a larger epicontinental sag basin (Steel and Worsley, 1984;

Grundvég et al., 2017; Midtkandal et al., 2019) situated between 63 — 66 °N (Shephard et al., 2013).
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Paralic and shallow marine sediments were deposited on the margins of the subsiding epicontinental
basin and was distributed by shelf processes across a regional extensive, southwards-sloping ramp
shelf (Midtkandal and Nystuen, 2009; Grundvag et al., 2020; Jelby et al., 2020). Presently, Lower
Cretaceous strata is exposed along the margins of the NNW-SSE oriented Central Tertiary Basin,
which formed during Paleogene compressional tectonics (Fig. 7.1). Lower Cretaceous strata is thus
dipping steeply or near vertically along the western margin of the basin. While at the eastern and
southern margin, the strata dips gently (<3°) towards the southeast (Nemec, 1992).

Although syn-sedimentary collapse features have been identified in the Helvetiafjellet Formation near
the Lomfjorden Fault Zone in eastern Spitsbergen (Nemec et al., 1988; Onderdonk and Midtkandal,
2010), and compressional features are reported from the subsurface off Kong Karls Land (Kairanov et
al., 2018; Olaussen et al., 2019), the Svalbard Platform was mostly dominated by thermal and
sediment load-induced subsidence during the Early Cretaceous, thus being a strong contrast to the rift-
basin development reported from the SW Barents Shelf margin (e.g. Faleide et al., 1993; Serck et al.,
2017; Marin et al 2018a, b; Hagset et al., 2022). However, significant differential uplift in the
Barremian and southward tilting of the shelf, led to subaerial exposure of large parts of the Svalbard
Platform, as evident by the regionally extensive erosional unconformity at the base of the
Helvetiafjellet Formation (Gjelberg and Steel, 1995; Maher, 2001; Midtkandal et al., 2008; Grundvag
et al., 2017). Moreover, the tilting resulted in an immense sediment flux from the uplifted terrains,
forcing a series of clinoform successions to prograde southward onto the Barents Shelf (Grundvég et
al., 2017; Midtkandal et al., 2019). The uplift was also accompanied by widespread igneous activity
culminating in the emplacement of the High Arctic Large Igneous Province (HALIP) (Maher, 2001;
Senger et al., 2014; Corfu et al., 2013; Polteau et al., 2015). Magmatism was short-lived and sporadic,
with apparent peak-activity in the late Barremian - early Aptian (Corfu et al., 2013). In addition,
subaerial lava flows interfinger with fluvial sandstone bodies of the Helvetiafjellet Formation on Kong
Karls Land (Mark et al., 1999; Olaussen et al., 2019) and volcanic ashes (i.e. bentonites) occur in the
upper part of the Helvetiafjellet Formation in central Spitsbergen (Corfu et al., 2013; Midtkandal et al.,
2016), all testifying to the HALIP.

Onwards from the Late Cretaceous through large parts of the Cenozoic, the Svalbard Platform have
been subject to recurring uplift and glaciations. Consequently, Upper Cretaceous strata are not present

on Svalbard (Dorr et al., 2012; Olaussen et al., 2022).
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Fig. 7.1 (A) Circumpolar map of the Arctic, indicating the location of the Svalbard archipelago on the northwestern
corner of the Barents Shelf (red rectangle). Modified after Jakobsson et al. (2013) (B) Map of Svalbard showing
the distribution of Lower Cretaceous strata exposed along the flanks of the Central Tertiary Basin. The location of
the DH6 well and the investigated outcrop sections at Kvalhovden and Boltodden is indicated. Modfied from
Svalbardkartet Norsk Polarinstitutt (2022). (C) Northwest to southeast-oriented cross-section showing the
stratigraphic development of the Lower Cretaceous succession of Spitsbergen. This study only pertains to the
uppermost Rurikfjellet Formation and the Helvetiafjellet Formation. Approximate position of the sample interval in
well DH6 and the two outcrop locations is indicated in the column. The cross-section is based on Grundvag et al.
(2019, 2020) and modified herein. Abbreviations: Wi: Wimanfjellet Member, Ad: Adventpynten Member, Ki:
Kikutodden Member, Fe: Festningen Member, Gi: Glitrefjellet Member, OAE1a: Oceanic Anoxic Event 1a, Da:
Dalkjegla Member, In: Innkjegla Member, La: Langstakken member, Zi: Zillerberget member, Sc: Schenrockfjellet
member.

7.2.2 Lithostratigraphy and depositional systems

The Lower Cretaceous succession of Svalbard belongs to the Adventdalen Group, which consist of the
Middle Jurassic — lowermost Cretaceous Agardhfjellet (see Koevoets et al., 2016; 2019), the
Rurikfjellet (Valanginian — lowermost Barremian), the Helvetiafjellet (Barremian — lower Aptian), and
the Carolinefjellet (lower Aptian to middle Albian) formations (Parker, 1967; Nagy, 1970; Dypvik et
al., 1991a; Mork et al., 1999; Hurum et al., 2016a; Sliwiniska et al., 2020) (Fig. 7.2). This paper focus

on the uppermost part of the Rurikfjellet Formation and the overlying Helvetiafjellet Formation.
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The up to 200 m thick Rurikfjellet Formation is subdivided into the mudstone-dominated Wimanfjellet
Member and the overlying sandstone-rich Kikutodden Member (Midtkandal et al., 2008; Grundvag et
al., 2019, 2020; Jelby et al., 2020). The lower part, which is not dealt with here, was deposited on a
moderately deep, open marine shelf, whereas the upper part represents deposition in a storm
influenced regressive prodeltaic to shallow marine setting (Dypvik et al., 1991a; Merk et al., 1999;
Grundvag et al., 2017, 2019; Jelby et al., 2020). A significant lower Barremian subaerial uplift
unconformity of regional extent separates the Rurikfjellet Formation from the overlying Helvetiafjellet
Formation (Parker, 1967; Steel and Worsley, 1984; Gresfjeld, 1992; Nemec, 1992; Gjelberg and Steel,
1995; Mabher, 2001 Midtkandal and Nystuen, 2009; Grundvag et al., 2017). As such, the Rurikfjellet
Formation represent the early sedimentary response to the uplift event which culminated in the

formation of the subaerial unconformity (Grundvag et al., 2019).

The Helvetiafjellet Formation is 40 — 155 m thick and is subdivided into the lower sandstone-
dominated Festningen Member, and the overlying heterolithic and coal-bearing Glitrefjellet Member
(Parker, 1967; Midtkandal et al., 2008). The formation is considered to be deposited in a fluvial to
paralic setting, and exhibit an upwards increase in marine influence with facies belts showing a
retrograding, paleo-landward-stepping (i.e. to the west-northwest) stacking trend (Steel et al., 1978;
Nemec et al., 1988; Nemec, 1992; Gjelberg and Steel, 1955; Midtkandal et al., 2007; Grundvag et al.,
2017, 2019).

Of particular interest to this study is the presence of inferred organic-rich lagoonal or interdistributary
bay deposits in the uppermost part of the Helvetiafjellet Formation, which is capped by a thick
sandstone-dominated barrier sequence in eastern Spitsbergen (Nemec, 1992; Gjelberg and Steel,

1995). The transgressively eroded remnants of this barrier-lagoonal system occur in our study area in
central Spitsbergen and is one of the sampled intervals in the investigated well(Grundvag et al., 2019).
In addition, the occurrence of possible organic-rich mudstones restricted to a series of slump scars near
the Lomfjorden Fault Zone in eastern Spitsbergen may also be interesting as these mini basins may,
theoretically, have promoted restricted, oxygen-deficient conditions (Nemec et al., 1988; Nemec,

1992; Onderdonk and Midtkandal, 2010).

7.3 Material and methods

7.3.1 Data overview
This study includes two sample sets spanning the uppermost Rurikfjellet and the Helvetiafjellet
formations. The first set include samples from well DH6 in Adventdalen (central Spitsbergen), which

represent Lower Cretaceous strata of the northwestern, inferred proximal (i.e. more paleo-landward)
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part of the study area. The second set is from outcrops at Kvalhovden and Boltodden on eastern
Spitsbergen, which holds an inferred more distal (basinward) paleo-location (Fig. 7.1). Complete
overview and availability of the data is provided in the supplementary files SF1 (Rock-Eval and
vitrinite reflectance) and SF2 (Selected GC-FID results). Complete GC-FID and vitrinite reflectance
results are available in SF3 on request. In total, 35 samples are included, 25 core samples from well
DHS6, 8 outcrop samples from Kvalhovden, and 2 from Boltodden. All 35 samples have complete
Rock-Eval profiles (Table 1 and SF1). Vitrinite reflectance have been measured for 5 samples (Table 2
and SF1), and 11 samples have a full set of GC-FID results (SF2 and SF3). A summary of key GC-
FID results is provided in SF2 and Table 3.

Table 1. Summary of the distribution of the available Rock-Eval data from the uppermost Rurikfjellet and

Helvetiafjellet formations at the three specific locations. The Rock-Eval data is available in the supplementary file
(SF1) and visualized in Figures 7.4 and 7.5.

Data Location Formation (Fm.) Nr. of plotted samples
Rock-Eval DH6 (Adventdalen) Helvetiafjellet Fm. 21
Rurikfjellet Fm. 4
Kvalhovden Helvetiafjellet Fm. 5
Rurikfjellet Fm. 3
Boltodden Helvetiafjellet Fm. 2
Rurikfjellet Fm. 0

Table 2. Overview of the number of plotted datapoints, including lithology and location for measured and
calculated vitrinite reflectance. The dataset is visualized in Figure 7.6 and is available in the online supplementary
files SF1 and SF2.

Location %Ro %Rc %Rc (F1) %Rc (Tmax)
Adventdalen 3 coal 2 coal 2 coal 6 coal
1 mudstone 1 mudstone 4 coaly shale
10 mudstone
4 silty shale
Kvalhovden 1 coal 1 coal 1 coal 1 coal
1 silty shale 1 silty shale 1 coaly shale
1 mudstone
S silty shale
Boltodden 1 coaly shale 2 coaly shale 2 coaly shale 2 coaly shale
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7.3.2 Outcrop and well data

Outcrop samples S3, S4, S5, S6, and S7 were sampled from a mudstone dominated section in the
Helvetiafjellet Formation, immediately above the Festningen Member at the Kvalhovden locality (Fig.
7.2A, B and C). At this location, the sandstones of the Festningen Member have been involved in a
paleo-landslide and consequently occur as a series of partly rotated and rafted sandstone blocks (see
Nemec et al., 1988; Onderdonk and Midtkandal, 2010). The sampled interval represents prodelta
deposits which built into and eventually healed the slump scar (Nemec et al., 1988; Fig. 7.2A and B).
Sample S4 is in the central and lowermost exposed part of the mini basin/slump scar infill (Fig. 7.2D),
whereas the other samples occur stratigraphically higher where the prodelta deposits onlap and drape a
slump block of the Festningen Member. Sample S1 was collected from a thin coal seam (< 30 cm)
which prior to the slump event originally capped and defined the top of the Festningen Member at this
location (Fig. 7.2E). Samples RF2 and RF3 was collected from mudstone interbeds in the uppermost
sandstone rich Rurikfjellet Formation (i.e. the Kikutodden Member), directly below the Festningen
Member at the same locality, albeit slightly to the north (Fig. 7.2F). These mudstones occur within a
10 m thick coarsening-upward unit interpreted to represent a prograding prodelta to delta front deposit
(see figure 5 of Nemec et al., 1988 for a detailed description of this unit). At Boltodden, Samples S6
FW and S5 FW were collected in the middle of the Glitrefjellet Member in the mudstone-dominated
lower part of an 8 m thick coarsening-upward unit which previously have been interpreted to represent
a prograding mouthbar deposit (Fig. 7.2G; see Hurum et al 2016b for more information of these
deposits). It is therefore inferred that the sampled mudstones accumulated in a sheltered

interdistributary bay setting.

Multiple core samples of the Helvetiafjellet Formation have been analyzed from well DH6 located in
Adventdalen (Fig. 7.1). The approximate position of some selected samples is indicated in the core-
photos in Figure 7.3. The samples consist of mudstones, coaly shales and thin coals, and were largely
deposited in various coastal plain/terrestrial sub-environments (i.e. the samples labeled DH6 28 to
DH6_43; Grundvag et al., 2019). The exception is the four uppermost samples of the Helvetiafjellet
Formation (samples DH6 24 to DH6 27). These mudstones were collected from an interval (level c.
121-131.5 m; Fig. 7.5) which appears to have been deposited in a more marine-influenced setting and
testify to the paleo-landward (W/NW) retreat of a barrier-lagoon system and the final drowning of the
Helvetiafjellet Formation coastal plain (Grundvag et al., 2019). The sample set from well DH6 also
includes four mudstone samples from the uppermost part of the Rurikfjellet Formation (samples

DH6 44 to DH6_47). In central Spitsbergen, this part of the Rurikfjellet Formation represents open
marine, storm-dominated shelf to prodelta deposits (see Jelby et al., 2020).
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Kvalhovden| _

RF2

Fig. 7.2 Overview of the outcrop sections and sample locations. (A) Panorama photo of the Kvalhovden locality
showing the stratigraphic position of outcrop samples S1, S3, S4, S5, S6, and S7, all collected in the
Helvetiafjellet Formation. The onlap relation between a slump block consisting of fluvial sandstones, assigned to
the Festningen Member, and deltaic deposits of the Glitrefjellet Member is clearly visible. (B) Photo of the same
locality as shown in (A) but from another angle. Note the coarsening upward trend in the Glitrefjellet Member
deltaics. These deposits represent a delta system which built into and eventually filled a collapse scar. (C) Close-
up photo of the section where samples S3, S5, S6 and S7 was collected. (D) Close-up photo of the section where
Sample S4 was collected. This section holds a more central position within the slump scar ‘mini basin’ and is
dominated by silty shales. (E) Photo showing the coal seam where Sample S1 was collected atop the Festningen
Member. (F) Photo of the Kvalhovden locality showing the stratigraphic position of samples RF2 and RF3 in the
uppermost Rurikfjellet Formation. (G) Photo of the Boltodden locality showing the mouthbar unit in which samples
S5 _FW and S6_FW was collected. The mouthbar unit is assigned to the middle part of the Glitrefiellet Member
and occur stratigraphically above the slump scar infill at Kvalhovden.
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Fig. 7.3 Selected core photos from well DH6, showing the heterolithic character of the Glitrefjellet Member of the
Helvetiafjellet Formation. The stratigraphic position for a few selected samples are indicated. Samples indicated
by a star have both GC-FID and Rock-Eval data, whereas samples indicated by green circles only have Rock-
Eval data.

7.4 Results
7.4.1 Total organic carbon and pyrolysis

The samples show a broad range in kerogen richness, exemplified by the TOC content (1.11-89.40 wt.
%) and the S2 parameter acquired from pyrolysis (0.46-211.61 mg HC/g rock) (Fig. 7.4A). These
parameters indicate present-day kerogen types III-IV for most samples (Fig. 7.4). This includes all
samples from the Kvalhovden and Boltodden locality, and the samples consisting of siltstone or
mudstone lithologies in well DH6, independent of which formation the samples were collected from
(Fig. 7.4; Table 1). In contrast, samples consisting of coaly shale or coal, all belonging to the
Helvetiafjellet Formation in well DH6, display a present-day kerogen Type II/I1I (Fig. 7.4A and B;
Table 1).

The samples from the Kvalhovden locality show a higher average Tmax value for the Rurikfjellet
(484.6 °C) and Helvetiafjellet formations (479.6°C) compared to the average Tmax values taken from

the same formations at the Boltodden (Helvetiafjellet Formation: 442.5°C) and Adventdalen localities
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(Rurikfjellet Formation: 453.7 °C. Helvetiafjellet Formation: 449.2 °C) (Fig. 7.4B). Samples
belonging to the Rurikfjellet and Helvetiafjellet formations from the Kvalhovden locality display the
greatest Ol values (4-19 mg CO, /g TOC), while the Helvetiafjellet Formation coals from DH6 in
Adventdalen show the lowest Ol values (0—1 mg CO, /g TOC). For all the samples, the oxygen index
(OI) parameter generally exhibits an inverse proportional relationship with the hydrogen index (HI)

(Fig. 7.4C).
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Fig. 7.4 Binary plots of total organic carbon (TOC) and pyrolysis-derived parameters. (A) Sz vs. TOC. The source
potential lines (solid) and kerogen lines (dashed) are adapted from Peters and Cassa (1994). (B) HI vs. Tmax.
The thick kerogen lines shown in green, blue and red represent calculated kerogen maturation pathways from
Banerjee et al. (1998), fitted from kerogen maturation pathways initially reported by Bordenave (1993). The
thinner lines shows varying kerogen maturation pathways variation with varying initial Hl. (C) HI vs. Ol. The
kerogen lines (solid) and resulting petroleum product lines (dashed) are adapted from Dembicki (2009).
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Figure 7.5 shows a geochemical log panel of TOC, S2, production index (PI = S1/[S1+S2]), HI and OI
correlated with a lithostratigraphic log from Adventdalen (well DH6). The TOC content and the
pyrolysis products of the four silty mudstone samples of the Rurikfjellet Formation are similar to those
from the mudstone facies of the Helvetiafjellet Formation. The lowermost ~16 m of the Helvetiafjellet
Formation consists of sandstones assigned to the Festningen Member. The boundary to the overlying
Glitrefjellet Member is defined as the base of the coal bed at ~174 m depth. The Helvetiafjellet
Formation thus exhibits an upwards increase in kerogen richness and quality in correspondence to the
upwards increase in the abundance of finer-grained lithofacies up until the uppermost ~10 m. The PI
values of the sample set range from 0.02—0.22 and vary significantly between lithofacies, being
substantially lower in the coal samples (mean 0.02 = 0.01) relative to the mudstones (mean 0.13 +

0.04) and the silty shales (mean 0.16 & 0.04).
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Fig. 7.5 Simplified sedimentary log of the sampled interval in well DH6 (i.e. the uppermost Rurikfjellet and the
Helvetiafjellet formations) accompanied by TOC and pyrolysis-derived parameters. The sedimentary log and
interpreted depositional environments are adapted from Grundvag et al. (2019). Note that the uppermost part of
the Helvetiafjellet Formation is dominated by shallow to marginal marine deposits (i.e. the uppermost four
mudstone samples; interval c. 121-131.5 m).

32



7.4.2 Measured and calculated vitrinite reflectance

The Adventdalen and Boltodden localities show measured vitrinite reflectance (%Ro) values of 0.75—
0.77 and 0.66 respectively, while the sample from the Kvalhovden locality has a notably higher %Ro
value of 1.50. Sorted by locality, the calculated vitrinite values (%Rc; after Radke, 1988) from the
methylphenantrene ratio (MPR; after Radke et al., 1982), methylphenantrene distribution fraction 1
(F1; after Kvalheim et al., 1987) and Tmax show a comparable relationship as the measured values (Fig.
7.6). For the Kvalhovden locality, %Rc (MPR), %Rc (F1) and %Rc (Tmax; after Jarvie et al., 2001)
ranges from 1.61-1.62, 1.54—1.54 and 1.41-1.61, respectively, comparable to the measured vitrinite
value (%Ro = 1.50). However, the samples from the Adventdalen and Boltodden localities show %Rc
(MPR), %Rc (F1) and %Rc (Tmax) ranging from 0.88—1.08, 0.84—1.00 and 0.78—1.07, respectively, and
are thus overestimated relative to the measured vitrinite reflectance values (0.66—0.77) from this

locality (Fig. 7.6).
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Fig. 7.6. Swarmplots of measured and calculated vitrinite reflectance parameters. (A) Measured vitrinite
reflectance (B) Calculated vitrinite reflectance from MPR, adapted from Radke (1988), originally modified from
Radke et al. (1982). (C) Calculated vitrinite reflectance from F1, adapted from Kvalheim et al. (1988). (D)
Calculated vitrinite reflectance from Tmax, adapted from Jarvie et al. (2001). An overview of the dataset is
provided in Table 2. Details are available in the online supplementary files SF1 and SF2.

7.4.3 n-alkanes, acyclic isoprenoids and stable carbon isotopes

The GC-FID chromatograms are generally unimodal with medium chain n-alkanes (within the range
Ci2Ha6 to Ca2Hae) being the most abundant for each sample (Fig. 7.7). The carbon preference index 2
(CPI2; after Marzi et al., 1993) shows an odd-over-even carbon preference (1.01-1.19, mean 1.07 +

0.05) with no clear grouping based on lithostratigraphic unit or locality. The samples show variable
33



waxiness as expressed by the 1n-C;7/( n-Ci7 + n-Cy7) ratios (0.55-0.92, mean 0.71 + 0.11) (Fig. 7.7).

For the analyzed samples from the Adventdalen and Kvalhovden localities, the Pr/n-C,7 ratios vs Ph/n-

Cg ratios indicate that the bitumen was generated from mostly terrigenous sources deposited within

oxidizing depositional environments (Fig. 7.8). In contrast, the bitumen in the more mature

Kvalhovden appears to have originated from mixed organic sources.
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Fig. 7.7 GC-FID chromatograms of selected samples of various lithologies. Pr/Ph = Pristane/Phytane. Waxiness =
n-C17/(n-C17 + n-Cz7), CPI2 = ((C23 + C25 + C27) + (C25 + C27 + C29))/(2 * (C24 + C26 + C2s)), where C represents the
carbon number of the n-alkanes. See main text for discussion.
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Fig. 7.8 Binary plot of Pr/n-C17 vs. Ph/n-C1s of selected samples. The data is indicating that the organic matter is
mainly of terrestrial origin, deposited in a oxygenated environment. The plot is adapted from Shanmugam (1985).

A plot of §"*Cyy vs 8"*Cayo isotope fractions of the extracts is shown in Figure 7.9. The range of these
ratios (-29.4 %o to -26.5 %o and -25.5 %o to -24.6 %o, respectively) indicate that the bitumen was
dominantly sourced from terrigenous organic matter (Fig. 7.9A), resulting in a canonical variable
(CV) greater than 0.47 for all but one extract (mean 4.16 & 2.35) (Fig. 7.9B). The Pr/Ph ratios (mean
3.06 £+ 1.69) are overall high, however, those derived from the Kvalhovden samples (1.24-2.58) are
clearly lower than those from the Boltodden (4.88—5.66) and Adventdalen (3.13—4.89) localities (Fig.
7.9B).
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Fig. 7.9 (A) 8"3Car vs. 8"3Csat plot indicating source input. The dashed and solid lines are adapted from Sofer
(1984) and are used to demarcate bitumen that have dominantly marine or terrestrial source input. (B) The
canonical variable (CV) plotted vs. Pr/Ph. The CV is adapted from Sofer (1984). Both plots demonstrates the
predominance of terrestrial sources in both the investigated formations.

7.4.4 Terpanes and steranes

Figure 7.10 shows the m/z 191 fragmentograms for the extracts using a retention time window ranging
from 19tri to the C35 homohopanes. These fragmentograms clearly display that 30ab is commonly the
tallest peak among the identified biomarkers, yielding a X(23tri to 29tri)/30ab > 0.08 for all samples
excluding the two from the Kvalhovden locality, which on the other hand show significantly greater
ratios (2.64 and 2.96). These two samples express a noisier baseline as a result of lower biomarker
signal response (Fig. 7.10). Similarly, the %27Ts (Ts/[Ts+Tm]*100; adapted from Seifert and
Moldowan, 1978) ratios of the samples from the Boltodden and Adventdalen localities show notably
lower ratios (7.17-36.72%), while the two Kvalhovden samples are notably higher (46.81 % and 54.11
%).
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Fig 7.10 m/z 191 fragmentograms of selected samples. Samples S1 and S7 from the Kvalhovden locality have a
low biomarker signal response, resulting in generally noisier baselines. See main text for discussion. For a full
reference of the abbreviated labels of the biomarker compounds, see Weiss et al. (2000). Ts/(Ts+Tm) is adapted
after Seifert and Moldowan (1978). 2(23tri to 29tri)/30ab is adapted after Peters et al. (2005).

The Ca7, Cys and Cyo B -sterane distribution indicate that terrigenous organic matter has the most
important influence on all samples, as expected for coals and coaly shales (Fig. 7.11). However,
sample S1 (coal) belonging to the Helvetiafjellet formation from Kvalhovden locality, show an open
marine—estuarine signature based on their B sterane distribution that does not agree with its lithology
(Fig. 7.11). Sample S7 (silty shale) display similar B sterane distribution values as S1 (Fig. 7.11).
However, an open marine-estuarine setting is more likely for sample S7, as this silty shale originates

from the lower part of the slump-scar infill at Kvalhovden. Furthermore, the %20S (50.38-60.67 %)
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and %P (36.52—60.18 %) maturity ratios show that the isomerization threshold has been reached for
all samples, indicating that the bitumen extracted for these samples have reached a minimum thermal

maturity corresponding to the early mature oil window (Fig. 7.11).
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Fig. 7.11 (A) Ternary diagram of %Cz7, %C2s and %C29 B3-steranes indicating the origin of the sampled organic
matter. The plot is indicating that organic matter is derived from terrestrial matter and higher plants. Two samples
appear to be affected by a more marine signature. Adapted after Huang and Meinschein (1979) and Shanmugam
(1985). (B) Sterane isomerization ratios indicating the thermal maturity of the selected samples. The plot is
adapted after Peters et al. (2005).
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7.5 Discussion

7.5.1 Organofacies and potential of the Hauterivian — Barremian paralic
deposits

The Rock-Eval data gives an indication on the remaining potential of the organic-rich units at the
current thermal maturities (e.g. Tissot and Welte, 1984; Peters and Cassa, 1994; Peters et al., 2005).
During early burial of the investigated paralic deposits, the organic matter was less mature and had
substantial higher quality and quantity than at present. Further burial subjected the organic matter to
chemical and physical alteration and degradation, eventually reducing its source potential (e.g.
Demaison et al., 1983; Tissot and Welte, 1984). Organic productivity, which is vital in the formation
of a prolific source rock unit, as well as sedimentation rates, and destruction of organic matter by
biodegradation, all have fundamental controls on the quantity and quality of the organic matter
(Demaison and Moore, 1980; Demaison et al., 1983; Pedersen and Calvert, 1990; Demaison, 1991;
Calvert et al., 1996; Tyson, 2001; Bohacs et al., 2005; Katz, 2005). Below follows a discussion on the
geochemical results in relation to depositional environments and controlling factors for source rock

development.

Overall, every sample included in this study have high organic carbon contents (TOC > 1 wt.%; Fig.
7.4), indicating relatively high primary productivity and favorable conditions for preservation. Based
on the Rock-Eval data and back-calculation lines (Fig 7.4), all the analyzed samples from the
Rurikfjellet and Helvetiafjellet formations appear to have had a kerogen Type IV — III composition,
prior to the present-day thermal maturity. It must, however, be noted that the current kerogen
organofacies are not necessary representative for the organic matter at early burial. This is because
increased thermal maturities decrease the hydrogen content and changes the isoprenoid and n-alkanes

parameters (e.g. Wesenlund et al., 2022).

7.5.1.1 The Rurikfjellet Formation (Hauterivian)

Our findings indicate that all samples belonging to the investigated Hauterivian part of the Rurikfjellet
Formation from DH6 (samples DH6 44 — 47) and Kvalhovden (Samples RF1, RF2 and RF3) have the
lowest petroleum potential of all the analyzed samples. All the samples consist of silty shale and
display low TOC, S2 and HI values (Figs. 7.4 and 7.5). Hence, the organic matter in these samples are
classified to be kerogen Type IV —I1I. It is thus likely that these deposits were not oil-prone prior to
maturation (Fig. 7.5). As such, the remaining discussion will mainly focus on the Helvetiafjellet

Formation paralics.
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7.5.1.2 The Helvetiafjellet Formation (Barremian — early Aptian)

Most of the samples from the three localities where the Helvetiafjellet Formation was sampled exhibit
low S2 and HI values, indicating poor to fair potential (Fig. 7.4) (Peter and Cassa, 1994). In particulate
the four uppermost samples of the Helvetiafjellet Formation (samples DH6 24 — 27), which represent
mudstones deposited in a marine influenced environment (Figs. 7.3 and 7.5; Grundvag et al., 2019),
yield a low potential similar to the Rurikfjellet Formation samples. As such, the hypothesized source
rock unit associated with the landward retreating barrier-lagoonal system in the uppermost
Helvetiafjellet Formation, appear to hold a very low petroleum potential, at least in central
Spitsbergen. This probably relate to well ventilated conditions presumably governed by wave activity

during deposition of these mudstones (see later discussion).

The most prolific samples of the Helvetiafjellet Formation are represented by coal and coaly shale
deposits of the Glitrefjellet Member in the interval between c. 130 — 140 m in well DH6 (samples
DH6 28 — 34) and two coaly shale samples from Boltodden (samples S6 FW and S5 _FW) and one
coal sample from Kvalhovden (Sample S1, the coal atop the Festningen Member) (Figs. 7.4 and 7.5).
These samples indicate a very good source rock potential with high TOC and S2 values (Fig. 7.4A).
However, the relatively low hydrogen content (HI<300), is effectively limiting their ability to generate
oil. Collectively, the kerogen Type III — II/III composition is indicating that most of the organic-matter
is derived from terrestrial sources, deposited under oxic to sub-oxic conditions (e.g. Demaison et al.,
1983; Demaison and Moore, 1980). In general, terrestrial organic matter is often affected by
significant reworking and oxygenation promoting severe biodegradation, thus forming less reliable
source rock units (Demaison and Moore, 1980; Demaison et al., 1983). Still, the analyzed coal and
coaly shale samples, despite having unfavorable HI values, demonstrates some petroleum potential
(Figs. 7.4 and 7.5), where the main expelled product would most likely be a mixture of oil and gas at

peak maturity (Peter and Cassa, 1994).

7.5.2 Thermal maturity

No measured vitrinite reflectance data was available for the silty shale samples belonging to the
Rurikfjellet Formation in well DH6 or Kvalhovden (Fig. 7.6). However, based on the calculated
vitrinite reflection data, the samples appear to be in the late mature window in well DH6. This is
consistent with the average Tmax value of 454°C for these samples (Peters and Cassa, 1994). In
contrast, the silty shale samples at Boltodden had an average Tmax of 484°C which was reflected in the

calculated vitrinite reflectance that showed that the samples are post-mature.
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Based on the classification of Peters and Cassa (1994), the Helvetiafjellet Formation samples in well
DHB6 are at their maturity peak, with an average vitrinite reflectance of 0.76 %R, and average Tmax
values of 445°C. Samples from the Boltodden locality (S6_ FW and S5_FW) are early mature,
indicated by a low average Tmax 0f 442°C and a measured vitrinite reflectance of 0.6 %R,. As such, the
calculated vitrinite reflectance of %Rc (MPR), %Rc (F1) and %Rc (Tmax) should be excluded, as they
appear to overestimate relative to the measured vitrinite reflectance values. Finally, the single coal
sample from the Kvalhovden locality (Sample S1), which yields a vitrinite reflectance value of 1.5
%R,, and the mudstone samples collected from the slump scar infill deposits at Kvalhovden (samples
S3 to S7), which exhibit an average Tmax value of 481.5 °C and average calculated vitrinite reflectance

of 1.366 %Rc (Tmax), are all classified as post-mature.

Although there is no universal correlation equation between Tmax and %R, they indicate a similar
thermal maturity interval for most samples herein. This is consistent with the %20S vs. %pBp maturity
ratios which indicated that the isomerization threshold has been reached for all samples, indicating that
the bitumen extracted for these samples have reached a minimum thermal maturity corresponding to
the early mature oil window (Fig. 7.11). Furthermore, maturity differences that occur between the
three localities might be explained by spatiotemporal variations in depositional environments and
different burial histories (e.g. Yang and Horsfield, 2020). The major difference in vitrinite reflectance
between well DH6 in central Spitsbergen and the Boltodden locality in eastern Spitsbergen coincides
with the reported regional maturity trend with R, values typically decreasing eastward (e.g. Grogan et
al., 1999; Abay et al., 2017; Olaussen et al., 2022). The difference between the Boltodden and
Kvalhovden localities are harder to explain given the short distance between the two locations (c. 1
km) and the deltaic origin of all the analyzed mudstones. Brekke et al. (2014) suggested that
anomalous vitrinite reflectance values in Middle Triassic source rock strata on Edgesya, some 60 — 70
km east of the Boltoden/Kvalhovden localities, was caused by Early Cretaceous dolerite intrusions in
the nearby subsurface. However, volcanic intrusions of Early Cretaceous age, which may have
affected the thermal maturities of the samples, appear to be absent in this area (e.g. Senger et al.,

2014).

7.5.3 Origin of organic matter and paleoenvironment indicators

The organofacies and limited petroleum potential established through Rock-Eval is further confirmed
by the GC-FID results, which indicated that all samples from the Rurikfjellet and Helvetiafjellet
formations contain organic-matter that was derived from terrestrial sources. This is particularly
evident when comparing the Pr/n-Ci7 and Ph/n-Cis ratios (Fig. 7.8), which indicates that the organic
matter from all samples originated from terrestrial and mixed sources typical of transitional
terrestrial/marine environments (Shanmugam, 1985). This largely coincides with the open marine to
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fluvial and paralic depositional setting previously interpreted for the investigated succession (e.g.
Nemec, 1992; Midtkandal et al., 2007, 2008, 2016; Grundvag et al., 2017, 2019). Plotting of "*Car
vs. 83 Csy and Pr/Ph vs. CV also indicate terrestrial source input (Fig. 7.9) and the ternary diagram of
%C27, %Cas and %Cy9 steranes, showed that the origin is higher plants, terrestrial or estuarine (Fig.
7.11). Hence, there is evidence for a sub-oxic to oxic environment susceptible to significant
biodegradation. The remaining organic matter was presumably derived from the nearby landmasses,
which testifies to the warm greenhouse climate in the Cretaceous period, that fostered high terrestrial
and marine organic productivity across large parts of the northern hemisphere (Leckie et al., 2002;

Herrle et al., 2015; Hurum et al., 2016b; Scotese et al., 2021).

7.5.4 Depositional controls on source rock potential

7.5.4.1 Rurikfjellet Formation

The Rurikfjellet Formation exhibit a large-scale upwards-coarsening signature, and records the
southeastward progradation of a storm-influenced deltaic shoreline onto a low-gradient ramp-type
shelf (Dypvik et al., 1991b; Jelby et al., 2020; Grundvag et al., 2020). In general, terrestrial organic
matter that enters the coastal zone by fluvial runoff is deposited in nearshore environments, and rivers
may also contribute with a considerable amount of nutrients that may increase primary production in
the photic zone (e.g. Petersen and Calvert, 1990; Fahl and Stein, 1999). Given the right circumstances,
this combination could elevate the petroleum potential of nearshore sediments by deposition of lipid-
rich organic matter (e.g. sporinite and resinite) from both marine and terrestrial sources (Langrock and
Stein, 2004). However, the low potential indicate that the organic matter recorded in the Rurikfjellet
Formation samples accumulated in well oxygenated, ventilated waters in a high energy, nearshore

setting, resulting in fractionation and biodegradation of the organic matter.

Moreover, the coarsening-upward trend, the abundance of sandstones, and the silty character of the
mudstone samples from both well DH6 and the Kvalhovden locality, coincide with the overall
regressive, shallowing upward development described by previous workers (Dypvik, 1985; Dypvik et
al., 1991a, b; Nemec et al., 1988; Grundvag et al., 2017, 2019, 2020; Jelby et al., 2020). Thus, for the
samples from the Rurikfjellet Formation, our geochemical results are largely in line with the findings
of Hvoslef et al. (1986), who did a comprehensive organic geochemical assessment of both the
Agardhfjellet (Middle Jurassic — lowermost Cretaceous) and the Rurikfjellet formations in central

Spitsbergen. They also concluded with a limited source rock potential for the unit.
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7.5.4.2 Helvetiafjellet Formation

The Helvetiafjellet Formation exhibit an overall transgressive development with fluvial braidplain
deposits of the Festningen Member at its base, which is succeeded by various paralic deposits of the
Glitrefjellet Member (Steel et al., 1978; Nemec, 1992; Gjelberg and Steel, 1995; Midtkdandal et al.,
2007, 2008; Midtkandal and Nystuen, 2009; Grundvag et al., 2017, 2019). The Glitrefjellet Member is
a very heterolithic unit containing abundant mudstones, coaly shales and thin coals, as well as
intercalated sandstones (e.g. Figs. 7.3 and 7.5). Deposition occurred in fluvial distributary channels,
interdistributary bays, deltas, estuaries, lagoons, and barriers, and the associated deposits are organized
into landward-stepping facies belts, amongst others recorded by an upward increase in marine
influence (e.g. Nemec, 1992; Gjelberg and Steel, 1995; Midtkandal and Nystuen, 2009; Grundvag et
al., 2019). Paleo-geographic changes such as transgressive shifts are generally favorable for the

deposition and preservation of organic matter (e.g. Mancini et al., 2002).

Barriers and lagoons are depositional systems associated with a landward shoreline migration
concomitant with relative sea-level rise (e.g. Storms et al., 2008). The presence of a barrier complex
may thus promote ideal conditions for the accumulation and preservation of organic-matter in the
sheltered lagoon with stagnant water circulation and limited sedimentation (e.g. Demaison et al., 1983;
Oertel et al., 1992; Candido et al., 2019) However, based on the lithology, Rock-Eval and the GC-FID
results of the mudstone samples in the uppermost marine-influenced section of the Helvetiafjellet
Formation in the well (samples DH6 24 — 27), the presence of organic-rich lagoonal (or
interdistributary bay) deposits with generation potential appear to be unlikely in central Spitsbergen.
Tidal indicators have been reported in the Glitrefjellet Member at multiple levels in many locations
(Gjelberg and Steel, 1995; Midtkandal and Nystuen, 2009; Grundvag et al.,2019). This includes the
presence of double mud drapes in reworked fluvial sandstones (level 132—-134 m in well DH6, Fig.
7.5; see FA 9 in Grundvag et al., 2019) occurring immediately below the interpreted lagoonal/marine
mudstone interval (level c. 121-131.5 m in well DH6; Fig. 7.5) in the upper part of the Glitrefjellet
Member. This is coherent with a tidally influenced, transgressive coastline, which commonly result in
barrier systems dissected by tidal inlet channels which allow water exchange and enhance circulation
(e.g. Oertel et al., 1992). We therefore speculate that significant water exchange through tidal inlets
promoted oxygenated and well ventilated conditions in the lagoon, resulting in biodegradation which
consequently limited the potential for source rock development in the uppermost Glitrefjellet Member,
at least in central Spitsbergen. However, because we lack data, we cannot determine or disregard the
potential of the lateral equivalent, slightly older lagoonal deposits in eastern Spitsbergen, which there

display a much thicker development (up to 30 m of dark-colored mudstone, see Nemec, 1992).
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The coals of the Helvetiafjellet Formation have an increased potential with a kerogen Type III - II/I11
composition. However, according to Nemec (1992), the coals of the Glitrefjellet Member are of very
limited thickness and lateral extent reflecting rapidly changing depositional environments and
periodically high input of siliciclastic sediments during development of the Helvetiafjellet Formation
coastal plain. This naturally limits the source rock potential of individual coal seams. However, the
collective thickness of coal seams and coaly shale units suggests that the Glitrefjellet Member coastal
plain succession may hold some potential, at least at local scale. Due to their abundance of organic
matter, coals commonly represent gas-prone, as well as potentially oil-prone source rock units in
prolific basins elsewhere (e.g. Collinson et al., 1994; Wilkins and George, 2002). The coal on top of
the Festningen Member at the Kvalhovden locality, represented here by Sample S1 and sample
DH6_43 in well DH6, has previously been suggested to be the result of a transgressive event
(Grundvég et al., 2017, see also Midtkandal et al., 2007). During this interpreted transgression, the
groundwater table was presumably positioned near the land surface, and the terrestrial organic
productivity eventually outpaced the degradation rate. The organic matter was then trapped and
subjected to peatification (e.g. Flores, 1993). A similar setting can probably be envisaged for several
of the Glitrefjellet Member coals in well DH6, which collectively records the transgressive
development of the Helvetiafjellet Formation coastal plain (Grundvég et al., 2019). Fluctuations and
long-term rising of relative sea-level in marginal marine settings often result in trapping of terrestrial

material in nearshore and coastal plain environments (Flores, 1993).

The Boltodden section is located ¢. 100 km to the southeast of well DH6, and thus held a more distal,
southeasterly position relative to the sediment source area W and NW of Spitsbergen (Fig. 7.1;
Grundvag et al., 2019; 2017). Here, the analyzed coaly shale samples S6_ FW and S5 _FW have a
kerogen Type III composition, indicating a increased petroleum potential compared to the silty shales
and mudstones (Fig. 7.4). The same samples represent the initial, fine-grained deposits of a
distributary bay fill/prograding mouth bar sequence in the lower half of the Glitrefjellet Member (Fig.
7.2G; see also Hurum et al., 2016b). Judging from their high TOC contents (14.8% and 50%,
respectively; SF1), the distributary bays along the Helvetiafjellet Formation deltaic shoreline offered
ideal sites for accumulating organic matter However, their limited potential suggests that the distal
reaches of the interdistributary bays were readily influenced by marine processes (e.g. wave action and
tidal currents) which promoted water circulation and oxygenation. In addition, approaching mouthbars
prograding into and filling the bays presumably caused a dilution effect due to increased
sedimentation rates (e.g. Ibach, 1982; Bohacs et al., 2005). As such, the interdistributary bay

sediments appear to yield a very limited potential.
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7.5.4.3 Possibly Increased potential for deposition and preservation of organic matter
in the collapse scars at Kvalhovden

Sub-oxic to anoxic conditions is a prerequisite for preserving high quality organic-matter, and the
formation of kerogen Type III — I source rocks (Demaison et al., 1983; Demaison and Moore, 1980).
Such conditions are commonly developed in physically restricted (silled) basins, or in basins having
stratified water columns (e.g. Demaison et al., 1983). Fault-bounded basins, formed during rifting
events, have for example been shown to host Lower Cretaceous source rock units on the SW Barents
Shelf (Hagset et al., 2022). The mudstone samples from Kvalhovden (samples S3 to S7), inferred to be
pro-delta deposits (Fig. 7.2), are part of a slump scar infill section which developed close to the
Lomfjorden Fault Zone in eastern Spitsbergen (Nemec et al., 1988; Onderdonk and Midtkandal,
2010). The downward slump-related displacement of sandstone blocks of the Festningen Member
created a series of mini basins which offered accommodation space for pro-delta sediments
(Onderdonk and Midtkandal, 2010). Theoretically, these early slump scar infill sediments could have
accumulated under sub-oxic or anoxic conditions which developed due the restriction offered by the
slump blocks in a similar manner to source rock developments reported in fault-bounded basins
elsewhere (e.g. Demaison and Moore, 1980; Demaison et al., 1983; Gawthorpe and Leeder, 2000;
Katz, 2005; Hagset et al., 2022).

However, the samples from Kvalhovden slump scar infill were established to have a poor potential
due to very low HI and S2 values (Fig. 7.4 and SF1). Collectively, the kerogen Type IV compositions
and Pr/n-C,7 vs. Ph/n-Cigratios points towards deposition in an oxidizing environment with significant
biodegradation of the organic matter (Fig. 7.8). Furthermore, these samples interestingly plot more
towards a mixed organic source, reflecting the inferred brackish to marine character of the water
which covered the collapse-induced basin (Fig. 7.9). High rates of sedimentation associated with an
approaching delta, which eventually filled-in and healed the collapse scar, in combination with
significant input of terrestrial organic matter contributed to the limited potential of these sediments
(e.g. Nemec et al., 1988; Onderdonk and Midkandal, 2010 Fig. 7.9). Furthermore, we cannot neglect
the possibility that the high thermal exposure in this area have altered and overprinted the original
bitumen composition in these samples, resulting in incorrect values for the isoprenoid and n-alkane
ratio-based interpretation parameters. Thus, the poor source rock quality of these mudstones indicate
that the displacements of the slumped sandstone blocks did not create a sufficient barrier or structural
confinement to facilitate anoxic conditions (e.g. Demaison and Moore, 1980; Demaison et al., 1983;
Katz, 2005). The shallow character of the shelf and the modest scale of the collapse was most likely
the limiting factors. Compared to the regional fault systems described from the rifted SW margin of
the Barents Shelf (e.g. Grogan et al., 1999; Serck et al., 2017; Hagset et al., 2022), the collapse-

generated basins appear to be an order of magnitude smaller and would thus be difficult to correlate
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laterally on conventional reflection seismic data. However, the trigger for the collapse have previously
been related to movement in either the Lomfjorden or the Billefjorden fault zones (Nemec et al., 1988;
Onderdonk and Midtkandal, 2010). As such, it may be speculated that collapse-generated basins like
those investigated here represent incipient fault-bounded basins. Thus, given a scenario with continued
fault growth and associated subsidence, the collapse-related basins may develop into sites ideal for the
trapping and preservation of organic matter, which ultimately facilitate the accumulation of localized

source rock units along faults (e.g. Gawthorpe and Leeder, 2000; Katz, 2005).

7.6 Implications for regional exploration

The recognition of new source rock units on the Barents Shelf could potentially have important
implications for regional exploration as the traditional Upper Jurassic and Triassic source rocks have
either been subjected to deep burial or significant uplift in many parts of the region (e.g. Ronnevik et
al., 1982; Dor¢, 1995; Grogan et al., 1999; Ohm et al., 2008; Henriksen et al., 2011; Kairanov et al.,
2021; Lasabuda et al., 2021).

Organic-rich units with localized source potential have been identified in the Hauterivian — lower
Aptian succession in various fault bounded depocenters on the rifted SW Barents Shelf (Hagset et al.,
2022). The most prolific of these units occur in well 7321/9-1 of the Fingerdjupet Subbasin (Hagset et
al., 2022). This Barremian -lower Aptian unit (e.g. Hagset et al., 2022; Serck et al., 2017; Corseri et
al., 2018; Bryn et al., 2020) coincides with a regional flooding surface which appears to cap two
distinct clinoform packages (Marin et al., 2017; Grundvag et al., 2017; Midtkandal et al., 2019). As
such, it may correlate time- and facies-wise to the lower Aptian organic rich unit present atop of the
Helvetiafjellet Formation in Spitsbergen (not considered here, for more details see Midtkandal et al.,

2016; Grundvag et al., 2017, 2019).

These clinoform packages are of high-angle and low-relief and are inferred to be delta-scale
clinoforms (Bryn et al., 2020). It may thus be speculated that they contain paralic deposits like those
of the Helvetiafjellet Formation in their topsets. However, the clinforms were unfortunately not
penetrated during drilling of the recent ‘Scarecrow’ prospect briefly presented by Bryn et al. (2020).
Barremian clinoforms of similar scale to those of the ‘Scarecrow’ prospect, displaying a south- to
southeastward migration direction, similar to the published paleo-current measurements from the
Helvetiafjellet Formation (e.g. Steel et al., 1978; Nemec, 1992; Gjelberg and Steel, 1995; Midtkandal
and Nystuen, 2009; Grundvag et al., 2019), also occur on the Bjarmeland Platform east of the
Fingerdjupet Subbasin (Marin et al., 2017; Faleide et al., 2019). Previous workers have noted the
similarities in migration directions and consequently linked the migration of these clinoforms to the

Barremian uplift event north of Svalbard, further proposing a genetic link between the Helvetiafjellet
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Formation paralics and the age-equivalent clinoform units on the shelf (Grundvag et al., 2017;
Midtkandal et al., 2019). This may indicate the presence of a laterally extensive deltaic system across
large parts of the northern to central areas of the shelf. Thus, with reference to the source rock data
presented here, the potential presence of undrilled paralic strata hosting viable source rock units, as
well as reservoirs, over large areas of the Barents Shelf, are intriguing. If this is to be the case, our
results from the Helvetiafjellet Formation can be of relevance to future exploration in the region, and it
certainly highlights the fact that the link between clinoforms, paralic strata, and the deposition of

organic-rich units is still an underexplored play on the Barents Shelf.

7.7 Conclusion

This study investigates the kerogen and bitumen content of the Hauterivian—Aptian uppermost
Rurikfjellet and Helvetiafjellet formations onshore Svalbard. Their depositional environments have
been assessed through lithostratigraphic and organic geochemical analyses of outcrop and core
samples. As these formations are time-equivalent to strata in the offshore parts of the Barents Shelf,
this study provides new results and insights into the Lower Cretaceous petroleum potential on

Svalbard with inferences for the offshore Barents Shelf.

The Hauterivian part of the uppermost silty shales of the Rurikfjellet Formation exhibit the lowest
TOC values and correspondingly low pyrolysis S2 and HI values, indicating present-day kerogen
types Il — IV. The Pr/n-Ci7 vs. Ph/n-Cis and the §*Caro vs. 8"*Csy ratios suggest that the in-situ
bitumen was mainly sourced by terrestrial organic matter. This is likely a result of the nearshore and
oxidizing benthic environment that took place during the deposition of the Rurikfjellet Formation,
favouring the preservation of land-derived organic matter relative to marine organic matter. Calculated
vitrinite reflectance values suggest that the Rurikfjellet Formation is late mature in well DH6 in central

Spitsbergen and post mature at Kvalhovden in eastern Spitsbergen.

The Barremian Festningen Member of the lower Helvetiafjellet Formation was not sampled and
analyzed for source rock richness and quality as it mainly consists of sandstones, which presumably

are void of any significant source rock intervals.

The coals and coaly shales of the Barremian—Aptian part of the middle—upper Helvetiafjellet
Formation mainly exhibit present-day kerogen types II/III — II1. This is consistent with the Pr/n-Ci7 vs.
Ph/n-C 5 ratios, the 8'*Car vs. 8"°Csy ratios, and the distribution of %Ca7, %Cas and %Cag regular
steranes, all indicating that the organic matter is of terrestrial origin and deposited during oxidizing

conditions, as expected for coals. Vitrinite reflectance, Tmax and sterane isomerization ratios indicate
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that these coals and coaly shales are peak mature, implying that their original TOC and HI values were

higher prior to maturation, possibly with greater original liquid hydrocarbon potential.

The inferred lagoonal/marine mudstones from the uppermost part of the Barremian to lower Aptian
Helvetiafjellet Formation display low TOC, S2 and HI values, exhibiting a present-day kerogen Type
III. This is consistent with the terrestrial organofacies signatures of the Pr/n-C,7 vs. Ph/n-C;g and the
8"3Caro vs. 8"°Csy ratios. The implied preferential preservation of terrestrial organic matter indicate
poorly developed benthic preservation potential during deposition of the lagoonal system in the

uppermost part of the Helvetiafjellet Formation.

Consequently, the investigated strata in the Rurikfjellet and Helvetiafjellet formations have
dominantly low source rock potential with the underlying Rurikfjellet formation being the poorest.
The importance of possible slump scar-basin deposits of Aptian age and the lagoonal/marine
mudstones in the upper Helvetiafjellet Formation thus appear limited in respect to regional
exploration. The coal-bearing intervals, interpreted to represent coastal plain deposits, show the most
promising source rock potential due to the highest organic richness and possibly oil-prone kerogen. If
similar deposits occur in Barremian-aged offshore clinoform successions, extending across large areas
of the northern and central Barents Shelf, un-discovered source rocks may still be present. Ultimately,
continued drilling and exploration efforts targeting the Lower Cretaceous succession could
speculatively facilitate the establishment of new exploration plays involving paralic strata comparable

to the Helvetiafjellet Formation.
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8 Synthesis

This chapter synthesizes the main findings in papers I-III and discusses the paleoenvironmental
conditions and the effect of rifting/faulting during the Early Cretaceous period and its implication
towards understanding deposition of Lower Cretaceous organic-rich units on the NCS. We also
discuss the possible connection to global Oceanic Anoxic Events (OAEs), which has promoted
accumulation of viable source rocks worldwide (e.g. Schlanger and Jenkyns, 1976; Jenkyns, 1980;
Dor¢ et al., 1997; Jenkyns, 1999; Erba et al., 2004; Coccioni et al., 2006; Baudin and Riquier, 2014).

8.1 Basin configuration and its influence on organic-matter
preservation

The configuration of a basin execute a first order control on the formation of organic-rich units, as the
basin configuration can promote and influence the occurrence and nature of anoxic conditions,
sedimentation rates, and productivity (Demaison and Moore, 1980; Demaison et al., 1983; Pedersen
and Calvert, 1990; Katz, 2005). In rift basins, the subsidence rate, eustatic sea-level variations and the
structural relief between depocenters and footwalls, have an effect on the circulation patterns of
oceanic waters. Free and unlimited mixing of oxygenated water masses between the open ocean and
the basin, will promote high biodegradation and limit water stratification. In contrast, in a more
confined basin, evaporation rates could outpace the inlet of oxygenated waters, thus promoting water
stratification and eventually anoxic bottom water conditions. In extensional regimes, the formation of
rift-basins and its internal configuration with grabens, half-grabens and horsts will influence the
circulation patterns of water masses relative to eustatic sea-level. In this subchapter, the main
differences between the shallow and deep Cretaceous basins on the NCS is outlined.

The Vering, Tromse and Bjerngya basins have a all a deep rifted configuration attributed to the Late
Jurassic — Early Cretaceous rifting event (Faleide et al., 2015). The internal highs and conjugated
margins of these basins formed local and regional sediments source areas which promoted high
sedimentation rates, which presumably caused a dilution effect that effectively limited the possibility
for the organic matter to accumulate to sufficient concentrations and thicknesses (Ibach, 1982; Bohacs
et al., 2005). The occurrence of a potential source rock in these basins are dependent on the reduction
of sedimentation input, which is controlled by paleobathymetric conditions and sediment fairways in
the basin.

The shallower Hammerfest Basin and Fingerdjupet Subbasin, did not experience such severe
sedimentation rates, as evident by their thinner and condensed Lower Cretaceous infill successions
(see Paper I). These shallow basins were also more prone to stagnant water circulation, as they lack a
deep-water connection to the deeper basins which can promote the establishment of convection cells.
In addition, organic matter settling on the seafloor of the shallow basins had a shorter transit and
closer proximity to the photic zone, which limits the exposure to oxidizers. Thus, if waters are
relatively stagnant and if high primary productivity prevails, oxygen consuming bacteria degrading the
organic matter could promote water stratification and anoxia (e.g. Arthur et al., 1987; Demaison et al.,
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1983; Demaison and Moore, 1980; Demaison et al., 1983). This development was more likely to occur
in the shallow basins compared to the more unrestricted deeper basins with high sedimentation rates.

In scenarios influenced by upwelling, anoxic conditions can develop on the margins of deep rift
basins. In such cases, nutrient rich waters are supplied from the deep oceans and forced up against the
margins of the basin. This may typically promote significant primary production in the photic zone
where an oxygen minimum zone (OMZ) develops. This OMZ could extend towards the deeper basins
but this depends on the deep-water circulation and inlet of oxygenated waters (Arthur et al., 1987).
The occurrence of thin and condensed organic-rich units on the Halten Terrace (see Paper 1I), may
indicate that an OMZ extended across much of the terrace. However, cross-shelf sedimentation
transport, recurring oxygenated conditions, fault-related uplift, and subsequent erosion prohibited
preservation of significant qualities of organic matter.

8.2 Lower Cretaceous organic-rich units, global anoxic events,
and other controlling factors

Although this study does not include carbon or oxygen isotope data which is typically used to detect
the signature of OAEs in the rock record (e.g. Arthur et al., 1987; Schlanger and Jenkyns, 1976;
Jenkyns, 1980), some of the Lower Cretaceous organic-rich units documented in papers I and II
appears, seems age-wise to correlate to OAEs that occurred in the Hauterivian, Barremian, early
Aptian, and in the very latest Cenomanian. Increased TOC and Rock-Eval values are documented in
these units, possibly strengthening this assumption (Fig. 8.2). The occurrence of these global OAEs is
tied to major volcanism and the formation of Large Igneous Provinces (LIPs) but also active seafloor
spreading causing a volume increase of mid-ocean ridges and thermal uplift of the seafloor (Schlanger
and Jenkyns, 1976; Jenkyns, 1980). Consequently, the OAEs are associated with supra-regional
transgressions and eustatic sea-level highstands (Haq et al., 1987; Miller et al., 2005). The chain of
events involved to facilitate and initiate OAEs are outlined in Figure 8.1.

Volcanic outgassing associated with the development of the LIPs caused a substantial increase in the
concentration of CO; in the atmosphere (Beil et al., 2020). On initiation, volcanic outgassing led to
heighten global temperatures (Cavalheiro et al., 2021). However, after the outgassing, the abundance
of CO; enhances organic productivity which boosted the atmospheric draw-dawn of CO», resulting in
a cooling effect (Price and Nunn, 2010). Elevated primary production also involved increased
consumption of dissolved oxygen by bacteria during decomposition, which results in expansion of
anoxic and euxinic water layers (Fig. 8.1) (Arthur et al., 1987; Leckie et al., 2002). This caused a
depletion of oxygen in the ocean and establishment of periodically global anoxic conditions (Arthur et
al., 1987; Schlanger and Jenkyns, 1976; Jenkyns, 1980). The elevated primary production and the
increased preservation potential during the short-lived OAEs, caused the accumulation and
preservation of organic-rich sediments across large areas. The Cretaceous period have some of these
supra-regional to global events recorded as organic-rich shales in the Hauterivian, Barremian, Lower
Aptian and uppermost Cenomanian successions (Fig. 8.2). Bellow, follows a discussion on the
occurrence of these events and the organic-rich units documented in this study.
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Fig. 8.2. Time scale with annotated Cretaceous OAEsS, sea-level curve and occurrence of volcanic provinces
(LIPs) and the organic-rich units of this study. The figure is modified after Baudin and Riquier, 2014. Timescale
from Gradstein et al. (2012) Sea-level curve is from Haq et al., (1988; 2014). Timing and occurrence of the
volcanic provinces are modified after Keller et al. (2021).

8.2.1 Hauterivian

An upper Hauterivian organic-rich unit was established to be present in the shallow Hammerfest Basin

on the SW Barents Shelf (well 7120/6-3S and 7120/8-3). This unit display a kerogen Type 11

composition, testifying to its marine origin and to the occurrence of dysoxic to anoxic bottom water

conditions (e.g. Demaison and Moore, 1983). This unit may be time-equivalent to organic-rich units
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deposited in response to the so-called Faraoni event (see F-OAE in Fig. 8.2). Most documentation of
the F-OAE derives from the Tethyan domain (Godet et al., 2006; Bodin et al., 2009; Baudin and Riquier,
2014). However, organic-rich sediments linked to the event have also been recorded in the Atlantic Ocean,
the North Sea, and the Central Pacific region (Baudin and Riquier, 2014). The forcing of anoxic
conditions during F-OAE was possibly induced by volcanic activity attributed the main phase of
magmatic activity of the Parana-Etendeka Large Igneous Province (Weissert and Erba, 2004; Erba et
al., 2004; Baudin and Riquier, 2014). Another possibility is that the F-OAE is linked to the submarine
magma production of the Tristan da Cunha plume, which was dated to ¢.127 Ma (Baudin and Riquier,
2014). Although temperatures were relatively low in Arctic during early Cretaceous times (Price and
Nunn, 2010), elevated productivity was most likely ensured by outgassing during formation of the
Parana-Etendeka LIP, similar to the Tethyan pelagic basins.

There may be a correlation between the upper Hauterivian organic-rich unit and the F-OAE in the
Hammerfest Basin. Our findings in Paper I, indicate that this organic-rich unit have similar Rock-Eval
characteristics as the ones documented in different Tethyan pelagic basins (Baudin and Riquier, 2014).
Although there is a possible connection, the occurrence of anoxia seems dependent on the structural
confinement of the basin, as the upper Hauterivian organic-rich unit appear to have less or no potential
(i.e. richness and quantity) outside the basin. Thus, the structural configuration and
paleoenvironmental conditions that followed with the structural restriction must have played a key role
in accumulating organic-rich sediments in the Hammerfest Basin.

Being on the speculative side, organic-rich sediments associated with the F-OAE could also be present
in the central depocenter of the Fingerdjupet Subbasin. In contrast to the Hammerfest Basin, no
exploration wells have encountered an upper Hauterivian organic-rich unit in this area. However, the
seismic horizon presumably representing the Hauterivian organic-rich unit display similar
characteristics in this depocenter as the one in the Hammerfest Basin (i.e. seismic horizon iuH; see
Paper I). The structural configuration also displays similar characteristics, with a restricted
downfaulted half-graben, where sediments thicken towards the main fault complex. On Svalbard, the
time-equivalent strata are represented by the uppermost part of the Rurikfjellet Formation. These
deposits which was deposited in an open marine environment under well oxygenated conditions and
high sedimentation rates does not have any petroleum potential. In their isotope study of the
Rurikfjellet Formation, Vickers et al. (2019) indicate an interval in the upper part of the unit which
may correspond to the F-OAE, albeit the correlation does not appear very clear.

8.2.2 Barremian

The occurrence of black shales in late early Barremian have been documented in the Boreal Realm
and described from the North Sea, the northeastern UK, and northern Germany (Mutterlose et al.,
2009; Mulkoc and Mutterlose. 2010; Mutterlose et al., 2014; Wulff et al., 2020). These black shales
are not tied to a specific OAE but appear to be linked to supra-regional anoxic bottom waters in an
epicontinental basin system cf. Mutterlose et al. (2009; 2014) and Yilmaz et al. (2012). In Paper I, we
presented the occurrence of an intra Barremian organic-rich unit in the fault-bounded depocenter of
the Hammerfest Basin, SW Barents Shelf (i.e. wells 7120/6-3S and 7120/5-1). This organic-rich units
are associated with an elevated gamma ray (GR) signature, often indicating the increased uranium
content in organic rich deposits (Rider and Kennedy, 2011). In addition, the Barremian unit display
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distinct peaks in TOC values and the Rock-Eval S2 parameter, which coincide with the negative
reflector (seismic horizon IB; Hagset et al., 2022). A similar organic-rich unit could also be present in
a more condensed variety in well 6407/1-3 on the mid-Norwegian margin (see IB in Fig. 2. of Hagset
et al., 2023). On Svalbard, the occurrence of coals and coaly shales occur in the Barremian to lower
Aptian succession of the Helvetiafjellet Formation (e.g. Midtkandal et al., 2007; Grundvag et al.,
2019). These organic rich deposits consist of a predominance of terrestrial organic matter with limited
marine influence, and therefore holds a limited potential with respect to recognizing OAEs.

It could be speculated that the anoxic bottom water conditions associated with the black shales
documented elsewhere in the Boreal Realm (Mutterlose et al., 2009; 2014) also extended into the SW
Barents Shelf. However, there is currently no data to support this. It rather appears that the
development of the Barremian organic-rich unit was dependent on the structural confinement in fault-
bounded depocenters of the Hammerfest Basin. Despite the dens population of exploration wells in the
Hammerfest Basin, no Barremian organic-rich units is documented outside this depocenter (Hagset et
al., 2022, i.e. Paper I). This also the case on the mid-Norwegian margin, where most exploration wells
on the more unrestricted Halten Terrace do not display any signs of a Barremian organic-rich unit.

8.2.3 Aptian

The early Aptian OAEla event, is one of two OAEs that extended across the oceans at a global scale
(Schlanger and Jenkyns, 1976; Jenkyns, 1980; Jenkyns, 2010). The formation of OAEla can be
correlated to the eruption of the Pacific Ontong-Java Plateau (Fig. 8.2) (Tejada et al., 2009). In
addition, the development of the High Arctic LIP (HALIP) could also have contributed to the
development of global oceanic anoxia. In Svalbard, the HALIP is manifested as mostly basaltic sills
assigned to the Diabasodden suit (Dallmann et al., 1999). Corfu et al. (2013) determined the ages of
mafic sills and felsic tuff on Svalbard. Their results indicate crystallization of the Diabasodden sill at
124 (+/-) 0.2 Ma, the Linnévatn sill at 124.7 +- 0.3 Ma (with secondary younger titanite with the age
of 123.9 (+-) 0.3 Ma. These ages appear to coincide with the occurrence of OAEla (Fig. 8.2). Hence,
substantial volcanic activity during the formation of the HALIP, could have regional implications with
respect to deposition of lower Aptian organic-rich units on the NCS.

On the SW Barents Shelf the lower Aptian organic-rich unit in well 7321/9-1 was established to be an
early mature source rock unit. The organic matter in this source rock exhibits a kerogen Type II
composition and display high hydrogen and low oxygen content, indicating that the source rock is of
high quality. This unit was deposited in shallow half-grabens in the transition from Fingerdjupet
Subbasin to the Bjarmeland Platform. As such, the structural confinement of the basin yet again seems
to be the main control for organic-rich units to develop.

On the mid-Norwegian margin, the lower Aptian organic-rich unit could occur on the Halten and
Denna terraces as condensed organic-rich units, or even more thicker units in smaller intra-shelf
downfaulted segments. However, based on our investigation, their potential seems limited due to high
sedimentation rates, erosion on the uplifted terraces, and reoccurring oxygenated condition. Signatures
corresponding to the OAE1a also appear to be recorded in the deeper Vering Basin (well 6608/2-1S;
see Zastrozhnov et al., 2020).
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On Svalbard, the OAEla is recorded in an organic-rich mudstone unit in the lower part of the
Carolinefjellet Formation in boreholes drilled in relation to the UNIS CO; storage project as well as in
outcrops across most of the Lower Cretaceous outcrop belt on Spitsbergen (Midtkandal et al.,2016;
Grundvag et al.,2019). These organic-rich mudstones were deposited during a regional extensive
flooding event on a restricted marine shelf that develop immediately after the retreat and drowning of
the Helvetiafjellet Formation paralic system. The mudstone unit, which hold some source rock
potential, appear to be gas condensate prone (Grundvéag et al., 2019). It may be speculated that the
development of LIPs in the Pacific and in the Arctic might have contributed to the establishment of an
eustatically high sea-level which forced the shoreline to retreat and thus promoted the establishment of
shallow shelf conditions across the region, and increased atmospheric CO2 concentrations, which
together caused widespread anoxia and deposition of organic-rich sediments even at high latitudes.

8.2.4 Cenomanian

The OAE?2 is represented by organic-rich shales across an interval spanning the Cenomanian/
Turonian boundary and appear to be distributed on a global scale (Schlanger et al., 1987; Arthur et al.,
1987; 1988; Beil et al., 2020). On the mid-Norwegian margin, the upper Cenomanian organic-rich unit
(Fig. 8.2) have the greatest potential on the Halten Terrace and the Sklinna High, exhibiting a kerogen
Type III-1I composition. Thus, conforming to the model proposed by Arthur et al. (1987) where most
of these organic-rich shales appear in shallow to intermediate water levels. The occurrence of OAE2
might be prolonged in coastal upwelling zones because of higher pre-existing productivity and well-
developed midwater OMZ (Arthur et al., 1987). However, the relative sea-level high stand at the
Cenomanian/Turonian boundary increased the extent and distribution of epicontinental shelf and
shallow basins worldwide (Schlanger and Jenkyns, 1976). This would imply that larger areas of
epicontinental shelfs, and basins was characterized by shallow water depths, which had high
evaporation rates and surface water productivity, thus expanding the midwater OMZ (Arthur et al.,
1987). Thus, the occurrence of the upper Cenomanian organic-rich unit appear to be less dependent on
the structural confinement of a basin, but more on the global eustatic sea-level highstand and the
occurrence of OAE2 on the mid-Norwegian Margin.

The oceanic deep-water circulation and productivity responded to the rapid transgressive development
during the Cenomanian/Turonian transition (Arthur et al., 1987). Deep-water environments were most
likely oxygenated but could experience short-lived anoxic conditions during more sluggish water
circulation accompanied by the highest periods surface productivity which would intensify the OMZ
(Arthur et al., 1987). However, although dysoxic to anoxic waters may have been induced, the
massive sediment input, hindered the development and preservation of substantial amounts of
quantities of organic matter associated with OAE2 in the deep Cretaceous basins on the NCS.
Although, there is limited well data from the deeper segments of these basins, our current datasets
indicate that the potential of this unit appear limited. This is especially evident on the SW Barents
Shelf, where no exploration wells have yet encountered significant concentrations of organic matter at
the Cenomanian/Turonian boundary interval.

In Svalbard and large parts of the wider Barents Shelf, middle to Upper Cretaceous strata are not
present due to recurring uplift and glaciations during the Cenozoic (Dorr et al., 2012; Olaussen et al.,
2022; Lasabuda et al., 2021).
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9 Implications and concluding remarks

This study documents the lateral variability and potential of four Lower Cretaceous source rocks in the
deep to shallow marginal basins along the SW Barents and mid-Norwegian shelves. These are the:
upper Hauterivian, Barremian, lower Aptian and the upper Cenomanian organic-rich units. The
distribution and development of these organic-rich units are mainly controlled by the occurrence of
sub-oxic to anoxic conditions. These conditions could only develop sufficiently in structural confined
settings, such as rift basins where the development of grabens and half-grabens occur. The occurrence
of OAEs, eustatic highstand, and the relatively warm greenhouse climate promoted anoxic conditions
in these restricted basins. The geochemical/Rock-Eval data indicates that there is a local petroleum
potential in these fault bounded depocenters. This study has thus improved the understanding of
changing conditions and basinal settings involved in the formation of Lower to middle Cretaceous
organic-rich units, potentially reducing exploration risk in the frontier areas of the NCS.

9.1 Future research

Future research may focus on the link between the OAEs and the occurrence of organic-rich units on a
regional scale, coupling the data from the exploration wells on the SW Barents Shelf to the excellent
exposed outcrops on Svalbard. Such studies should utilize carbon and oxygen isotope methods along
with biostratification. As such, the proposed study could potentially lay the groundwork for
understanding global OAEs at higher latitudes. Furthermore, it may also elucidate the connection
between the development of the HALIP and the deposition of organic rich sediments on the Barents
Shelf.

Further research could also take on a more geophysical approach, involving rock physical modelling,
seismic inversion, amplitude variation with offset (AVO) and 3D seismic attributes. This will allow to
estimate the lateral variations in physical properties of the potential source rock units. The large
spacing between the regional 2D seismic lines used in this study, makes it difficult to map the organic-
rich units in detail. As such, the use of 3D seismic data could better determine the properties and
lateral variability of potential source rock units on a smaller scale. The proposed study, could thus be a
valuable contribution on the potential of Lower Cretaceous organic-rich units.
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