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ABSTRACT

In the past three decades, the hydrocarbon prospectivity has been enigmatic in the southwestern
Barents Sea as gas discoveries have dominated over oil. However, more recent discoveries
indicate oil potential, especially in the Polheim Platform and Hoop Complex areas. Cenozoic
uplift and erosion episodes are critical because they control the duration and depth of maximum
burial of source rocks and the reduction of porosity of reservoir rocks due to diagenetic processes
at larger depth and increased temperatures. Modelling of interpreted horizons from the
southwestern Barents Sea provide a best-fit realization of the basin-scale sedimentary filling
from the post-rifting in the Jurassic until the Last Glacial Maximum. 2D basin modelling was
performed across one regional seismic section crossing the southwestern Barents Sea. For
calibration of the 2D model, 1D modelling was performed for a selected number of wells in the
region by integrating different estimates of net apparent erosion (velocity inversion of wells,
interpreted profiles and structure maps as well as from temperature and vitrinite reflectance data)
in order to assess the burial, thermal and maturity history of the source rocks at various well
locations as well as along the 2D profile. Simulation results show that the Upper Jurassic source
rock is immature to marginal mature in the central and eastern parts of the Norwegian Barents
Sea. The western part is characterised by high chargeability of traps associated with rich source
kitchens and porous reservoir rocks. Although not proven by commercial discoveries, there are
evidences that the Permian @rret and the Lower-Middle Triassic basal Klappmyss and basal
Kobbe shales may be important gas-prone source rocks in the eastern Norwegian Barents Sea.
Consequently, the exploration must rely on the Triassic and/or Palaeozoic source rocks in the

eastern area.



1. Introduction

The southwestern Barents Sea represents one of the largest areas of continental shelf
comprising several structural highs, platforms and basins (Fig. 1). It is surrounded by a series of
well-known hydrocarbon basins, such as the Norwegian Sea, the Canadian Arctic Sverdrup
Basin, the North Slope of Alaska, the Western Siberian Basin and the Timan-Pechoran Basin

and hence, is an obvious target for extensive exploration activities (Spencer et al., 2011).

Since the 1980’s the petroleum industry started exploration in the southwestern Barents
Sea where the main targets are found in the Early Carboniferous to Tertiary interval. Since then,
138 exploration wells and 30 appraisal wells have been drilled according to the Norwegian
Petroleum Directorate (NPD, 2022a). According to the exploration well record, in areas with
commercial resources, like the Hammerfest Basin, Bjerngya Basin, Hoop area and potentially
Loppa High, are characterised by a high technical discovery rate (>50%). Conversely, in other
locations of the Norwegian Barents Sea, sub-commercial gas discoveries were recorded, such
as in the case of the discovery well 7319/12-1 Pingvin. It is worth highlighting that nearly all
drilled wells in these areas have indicated the presence of hydrocarbon shows. Subsequently,
recent oil and gas discoveries (e.g., Johan Castberg and the near-field exploration wells 7220/8-
2 S Sngfonn Nord, 7220/8-3 Skavl Sta, 7220/7-4 Isflak, 7324/8-1 Wisting, 7324/6-1 Sputnik,
7120/1-3 Gohta, 7219/12-1 Filicudi, 7220/11-1 Alta, 7219/9-2 Kayak as well as the
northernmost offshore well ever drilled in the Norwegian Barens Sea, the 7435/12-1 Korpfjell
prospect; NPD, 2022a) provided optimism and revitalized interest in further exploration

endeavours within the Norwegian Barents Sea region.

Dry wells, as a result of leakage and re-migration of the oil and gas in the southwestern

Barents Sea, is a phenomenon closely related to the severe uplift and erosion events that have



taken place in the region (Figs. 2 and 3). The morphology and final outline of the basins and
platforms are caused by several tectonic and glacial processes (Riis and Fjeldskaar, 1992;
Dimakis et al., 1998; Rasmussen et al., 1998; Doré et al., 2002a; Cavanagh et al., 2006; Duran
et al., 2013a; Henriksen et al., 2021, 2022). It is generally agreed that the Norwegian mainland
has experienced up to 1000 m uplift and erosion (e.g., Henriksen et al., 2011a). Additionally,
there is an increasing amount of erosion (up to 2500 m) towards the northern part of the Barents

Shelf.

Furthermore, there is a marked decrease in erosion towards the west approaching to zero
along the western Barents Sea margin (Henriksen et al., 2011a; Baig et al., 2016; Lasabuda et
al., 2018; Amantov and Fjeldskaar, 2018; Ktenas et al., 2017, 2019). Along the southern flank
of the Norwegian Barents Sea, the Finnmark Platform is characterized by uplift and major
erosion of sequences from Carboniferous to Tertiary and this can be clearly seen as major

truncation in the seismic sections (Figs. 3, 4, 5 and 6).

Understanding the burial history in sedimentary basins is a key step to determine and
evaluate the hydrocarbon prospectivity. Defining the maximum burial of source rocks and their
maturation, is important for constraining the time of hydrocarbon generation and expulsion from
the source rocks to the time of trap formation. Severe uplift and erosion can cause source rock
cooling, alteration of the reservoir rock quality, variation in migration pathways and hydrocarbon
leakage and spill from traps (Doré and Jensen, 1996; Doré et al., 2002a; Cavanagh et al., 2006;
Ohm et al., 2008; Henriksen et al., 2011a, 2021, 2022; Zieba and Grever, 2016; Novoselov et
al., 2018). Faults can also be re-activated and become conduits for hydrocarbon leakage to the

surface (Ostanin et al., 2017; Tasianas et al., 2018; Bellwald et al., 2018a; Kishankov et al.,



2022). Further key implications that uplift and erosion can have on the petroleum systems are
summarised and discussed by several authors (e.g., Doré et al., 2002a, b; Henriksen et al., 2011a;

Hartz et al., 2018).

Significant research has therefore been carried out to estimate the net erosion, which in
several studies is separated into several Cenozoic erosion episodes based on detailed
chronostratigraphic studies in wells which clearly indicate a pre-glacial (Oligo-Miocene) and a
glacial erosion event (Cavanagh et al., 2006; Anell et al., 2009; Green and Duddy, 2010;
Henriksen et al., 2011a; Laberg et al., 2012; Duran et al., 2013a; Nielsen et al., 2013; 2015;
Amantov and Fjeldskaar, 2018; Ktenas et al., 2017; Ostanin et al., 2017; Lasabuda et al., 2018;
Ktenas et al., 2019; lyer et al., 2021). However, the timing and magnitude of the uplift events
are still poorly constrained and consequently there are still uncertainties regarding the impact on

prospectivity and petroleum systems of the various episodes.

To fully understand the processes controlling petroleum charge and migration,
interpreted seismic data, vitrinite reflectance and temperature data were used as input in 1D and
2D petroleum systems modelling (Clark et al., 2014; Gac et al., 2018). In the 1980s, and in
particular in the last decade, starting in 2011 the main exploration focus was in the Hammerfest
Basin (e.g., Snghvit field) and past basin and petroleum systems modelling studies contributed
to the implementation of the glacial cycles in 2D (e.g., Cavanagh et al., 2006; Duran et al., 2013a;

Baig et al., 2016; Kishankov et al., 2022).

2D basin and petroleum systems modelling was performed along a regional seismic
section crossing the southwestern Barents Sea, previously described by Ktenas et al. (2017,

2019). For calibration of the 2D model, 1D modelling was performed for a selected number of



wells in the southwestern Barents Sea (Fig. 3). Furthermore, different estimates of net apparent
erosion (by velocity inversion of wells, profiles and maps as well as temperature and vitrinite
reflectance) were integrated to assess and further discuss the consequences on the subsidence

and thermal history of sediments.

In this study, the petroleum systems modelling of the southwestern Barents Sea shows
the importance of adjusting the exploration strategy to shallower depth and lower temperatures
as a consequence of severe exhumation. Improving rate of oil and gas discoveries can be
achieved through the determination of locations where areas and depths are characterised by

high chargeability of traps associated with rich source kitchens and porous reservoir rocks.

2. Geological background of the southwestern Barents Sea

The study area is situated in the southwestern Barents Sea bounded to the west by the
continental slope of the Norwegian-Greenland Sea, from Svalbard in the north, the Russian
Barents Sea to the east and to the coasts of Norway in the south (Fig. 1). The latter borderlands,
represent the pre-Caledonian passive margin of Baltica. During the Ordovician and Early
Devonian times, the western margin of Baltica collided with and was subducted below Laurentia
resulting in regional metamorphism that formed the crystalline basement, which is underlying
the southwestern Barents Sea (Torsvik et al., 2001; Roberts, 2003). Following the Caledonian
orogeny which culminated approximately in ca. 400 Ma (Early Devonian), the western margin
of Baltica acted as a transfer zone connecting the extensions arising in the present-day North
Atlantic and Arctic regions (Doré, 1991; Torsvik et al., 2001; Clark et al., 2014; Gasser, 2014).
The Caledonian basement rocks are now widely exposed and mapped in the county of Finnmark

(Gernigon et al., 2014; Nasuti et al., 2015; Henriksen et al., 2021, 2022; Doré et al., 2023). Since
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the late Carboniferous, several significant rifting events of basin development have occurred and
contributed to the present-day configuration of the southwestern Barents Sea. Those events
include the development of NE-trending half-grabens during the Late Carboniferous (e.g., the
first appearance of the Hammerfest Basin and formation of the Nordkapp Basin) and unroofing
of the Loppa High during the Late Permian-Early Triassic (Hendriks, 2003; Hendriks and
Andriessen, 2002; Smelror et al., 2009; Gernigon et al., 2014). During the middle Triassic, to
the east, salt diapiric movements are interpreted to have begun in the Nordkapp Basin (Fig. 6)
(Nilsen et al., 1995; Rojo et al., 2019; Doré et al., 2023). Towards the Late Triassic, there was
an apparent tectonic activity in the North Atlantic and Artic regions which continued until the

early Jurassic times (Gernigon et al., 2014; Henriksen et al., 2021, 2022).

The northern progradation of the Middle Jurassic to Early Cretaceous Atlantic rifting
affected mainly the western margin of the Barents Shelf (Faleide et al., 1996; Tsikalas et al.,
2012), whereas the northern Barents Sea was subsequently uplifted, perhaps as a response to the
opening of the Arctic Ocean, and large amounts of sediments were eroded and deposited into
the deeply subsiding basins in the west (e.g., Grogan et al., 1999). The Cretaceous rifting led to
subsidence as well as to the development of major deep basins such as the Harstad, Tromsg and
Sgrvestsnaget basins (Fig. 1). The Late Cretaceous-Late Paleocene transition marks the effect of
fault-related (strike-slip movements and deformation) processes between Norway, Svalbard and
Greenland. This led to the formation of pull-apart basins in the westernmost part of the Barents
Sea while the Paleocene-Eocene transition (at around 55 Ma) marks the continental break-up of
the North Atlantic margin and opening of the Norwegian-Greenland Sea (Faleide et al., 2008)
(Fig. 2). Thick and continuous stratigraphic sequences of Paleocene and Eocene sediments are
recorded in the Sgrvestsnaget Basin (Fig. 3). They are bounded to the west by the volcanic
margin of the Senja Fracture Zone and later they were truncated as a consequence of shallow

marine conditions during the Oligocene (Ryseth et al., 2003). Since then, the southwestern
7



Barents Sea has undergone several and repeated phases of uplift and erosion and eroded
sediments have been deposited along the western edge of the passive margin (Nyland et al.,
1992). The southwestern Barents Sea was subsequently covered by thick stratigraphic sequences
of preserved Paleogene and Neogene sediment deposits, which testify the occurrence of
Cenozoic erosion (Fig. 3). In the late Pleistocene, widespread evidence of glacial grounding at
the shelf edge shows the multiple ice-sheet advances that have occurred (Andreassen et al., 2007;
Rafaelsen et al., 2007; Bellwald et al., 2018b). At this stage of evolution, the southwestern
Barents Sea is characterised by significant erosion of sediments and ice loading which
subsequently were followed by de-loading and uplift during deglaciation episodes (Knies et al.,
2009; Nielsen et al., 2013, 2014, 2015). The ice sheet activity in the southwestern Barents Sea
initiated at ~2.7 Ma and reached the paleo-shelf at ~1.5 Ma (Knies et al., 2009, 2014;
Alexandropoulou et al., 2021). Since then, the southwestern Barents Sea shelf was repeatedly
glaciated and further influenced by the Fennoscandian landscape (Andreassen et al., 2007,
Laberg et al., 2012). The Pleistocene erosion also provides a reasonable link to the anomalous
thermal regimes in the basins as indicated by the present-day well temperatures combined with

maturity profiles involved in basin modelling studies (e.g., Cavanagh et al., 2006).

The main structural elements and mega-sequences of the southwestern Barents Sea are
seen on the seismic Profile A-A’ (Fig. 3, upper panel) and in the summary of the
lithostratigraphic and geodynamic events chart (Fig. 2). The NW-SE oriented type-profile,
traversing a large part of the southwestern Barents Sea margin shows the main tectonic elements
formed in response to the major rift phases (Fig. 2). To the west, the Sgrvestsnaget and Bjgrngya

basins are characterised by thick Cretaceous sedimentary wedges (Figs. 1 and 3).

2.2.1. Cenozoic uplift and erosion of the region



The present seabed terrain of the southwestern Barents Sea reflects the results of several
episodes of Cenozoic uplift and erosion. Different methods have been applied to estimate the
timing and to quantify the net erosion in the southwestern Barents Sea (e.g., Henriksen et al.,
2011a; Baig et al., 2016; Ktenas et al., 2017, 2019; Lasabuda et al., 2021). Despite having made
progress regarding the quantities of the net erosion estimates in the southwestern Barents Sea,
there is still a debate on the timing of formation of the erosional products, especially from the
Cenozoic period. Due to the hiatus in the rock record, the exact timing of the erosion events and
the number of episodes is still poorly constrained. There is strong support by several studies that
there is a dominant phase of late Pleistocene exhumation (uplift and erosion) based on perceived
mechanisms of erosion attributed to glaciation processes (e.g., Cavanagh et al., 2006; Laberg et
al., 2012; Baig et al., 2016; Kishankov et al., 2022). Tectonic uplift is normally linked to the
plate reorganization that took place in the Norwegian-Greenland Sea during Eocene and
Oligocene times. The glacial contribution to the net erosion took place during the Late Cenozoic
isostatic uplift (late Pleistocene). The glacial deposits are separated from the underlying pre-
glacial rocks by a prominent reflector, the Upper Regional Unconformity (URU) (e.g., Figs. 3,
4 and 5) (Solheim and Kristoffersen, 1984; Vorren et al., 1991; Laberg et al., 2012). Based on
the prominent unconformities in the study area, the Late Cenozoic uplift is considered as an
event characterised by two major phases of erosion: one prior to the URU unconformity (pre-
glacial) and one after the deposition of the Pleistocene sediments. However, there are basin
modelling studies (e.g., Duran et al., 2013a; Baig et al., 2016) that have the main phase of uplift
to pre-date the Pleistocene sediments present in the area and a recent study based on U/Th
thermochronology that question the significance of the later Pleistocene glacial erosion (Zattin
et al., 2016). The latter study indicates that the main phase of uplift started during the Late

Miocene-Early Pliocene.



2.2.2. Petroleum systems (and plays) in the southwestern Barents Sea

The Norwegian Petroleum Directorate (NPD) together with the oil industry have
identified several petroleum plays, such as the Carboniferous and Lower Permian strata of the
Finnmark Platform and Loppa High (Fig. 3; NPD, 2017). The Mesozoic petroleum systems
(Triassic, Jurassic and Lower Cretaceous plays) have been described by Doré et al. (2002b).
Also there could be Cenozoic source and reservoir rocks in the Sgrvestsnaget Basin (Corcoran
and Doré, 2002). Petroleum systems in the southwestern Barents Sea consist of various types of
source rocks which range from Carboniferous to Cretaceous age (Fig. 2). Some of them have
mainly generated gas, while others have most likely generated oil (Ohm et al., 2008; Bjoray et
al., 2010; van Koeverden et al., 2010; Duran et al., 2013b; Killops et al., 2014; Lerch et al.,

2016). In particular, five main source rocks are identified, as follows:

1. Gas-prone coal and carbonaceous shales/mudstones from the Lower Carboniferous
(the Billefjorden Group). Intercalated shales of the Tettegras Formation coal-bearing sequence
may have generated gas and less oil in terms of source rock potential (van Koeverden et al.,
2010). This is regarded as being a potential source rock in the area of interest, based on
information from analogues on Svalbard and the exploration wells in the southern Barents Sea
(e.g., well 7128/4-1, on the Finnmark Platform) (Ohm et al., 2008; van Koeverden et al., 2010;

NPD, 2017).

2. Oil-prone carbonaceous mudstones from the Upper Carboniferous-Lower Permian
(the Gipsdalen Group) and the Upper Permian marine shales (the @rret Formation of the

Tempelfjorden Group) (Ohm et al., 2008; Killops et al., 2014).

3. Oil- and gas-prone Triassic marine shales (e.g., organic rich Olenekian, Anisian,

Ladinian shales, the Sassendalen Group, i.e., the basal Klappmyss, basal Kobbe and basal Snadd
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marine shales, which coalesce towards the west as the "Steinkobbe" Formation) (e.g., Bugge

and Fanavoll, 1995; Ohm et al., 2008; Abay et al., 2018).

4. The Upper Jurassic black organic-rich shale of the Hekkingen Formation are the
principal oil-prone source rocks in the study area and correspond to the hot shales of the
Kimmeridge Clay Formation in the North Sea. The Hekkingen Formation is, however, absent
or too thin over large parts of the southwestern Barents Sea (Fig. 3) (e.g., Lundschien et al.,
2014). Recent petroleum geochemical studies of oil samples revealed the presence of oil derived
from source rocks of Jurassic and Triassic age (Duran et al., 2013a,b; Abay et al., 2017; Lerch

etal., 2017).

5. Cretaceous source rocks rich in organic material have been identified with potential
for forming hydrocarbons (Hagset et al., 2022). While most of the Cretaceous has been eroded
in the southwestern Barents Sea, some successions, including the Kolje and Knurr formations,
have been preserved in the western deep Cretaceous grabens Harstad, Tromsg and Sgrvestsnaget

basins (Figs 1 and 2).

Generally, reservoirs are proven in Carboniferous and Permian carbonate and spiculitic
deposits and in Triassic, Jurassic and Cretaceous sandstones (Johansen et al., 1993). Only minor
discoveries have been made in the Cenozoic sandstones along the margin of the Barents Shelf.
The reservoir rocks at the recent Gohta and Alta oil and gas discoveries on the Loppa High
consist of Upper Palaeozoic carbonate and siliceous deposits (NPD, 2017). Shales of the
Jurassic, Hekkingen and Fuglen formations as well as the Upper Triassic, Snadd and intra Kobbe
are usually considered as the principal and most reliable seal in the southwestern Barents Sea.
An overview of the most important source and reservoir rocks in the southwestern Barents Sea

is shown in Figure 2.
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3. Methods and data

In this study, the 2D petroleum system model was generated with PetroMod v2019.1
software package integrating 1D models of selected wells (Fig. 1). The 2D software, forward-
simulates the dynamics of basin evolution along a 2D section by deposition and compaction of
sediments from the oldest to the youngest event, and additional processes such as hydrocarbon
generation, migration, entrapment and losses (Hantschel and Kauerauf, 2009). We thermally
calibrated the 1D and 2D models using the EASY%Ro kinetic (Sweeney and Burnham, 1990).
Calibration data included vitrinite reflectance and corrected temperature data from exploration
wells, as shown in Figure 1. The 1D modelling helped to depict the burial, thermal and maturity
history at well locations of the study area while 2D modelling helped to reconstruct oil and gas
generation, migration and accumulation along the cross section. Furthermore, representative
pseudo-wells were carefully extracted along the 2D section for comparison. Geological
information and calibration data (vitrinite reflectance and temperature data) of exploration wells
were used. The seismic profile passes through the Bamse (well 7124/3-1), Caurus (7222/11-1
T2) and Johan Castberg (7220/8-1) discoveries (for the exact location, see Fig. 1). Within the
vicinity of the seismic profile, a series of wells (e.g., 7128/4-1, 7128/6-1, 7125/4-1, 7125/1-1,
7124/3-1, 7122/2-1 and 7220/7-1) were used to verify and calibrate the 2D model. As it is
illustrated in Figure 3, the wells terminate either in the Mesozoic or within the Permian level
except for the wells 7128/4-1 and 7128/6-1 that end in the Pre-Devonian basement. Additionally,

internal maps of calculated maturity and transformation ratios have been integrated in the study.

The NW-SE oriented type-profile, traversing a large part of the southwestern Barents Sea
is used as the model input (Figs. 1 and 3). The Profile A-A’ intersects the main tectonic elements
such as the Sgrvestsnaget Basin, Loppa High, Hammerfest Basin and Finnmark Platform which

were formed in response to the major rift phases (e.g., Faleide et al., 1996, 2008). A total of 17
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primary horizons from Top Basement to seabed were interpreted and depth converted by Ktenas
et al. (2017, 2019), following the high-quality regional velocity model based on seismic
processing velocities and check-shots from the public domain and other sources (Meisingset et
al., 2018). The structural development is described in Ktenas et al. (2017), integrating uplift, net

apparent erosion, heat flow and ice loading (e.g., Nielsen et al., 2013).

3.1.1. Approach to erosion estimation

Several methods for the estimation of net apparent erosion are available, such as, sonic-
log and refraction velocity depth trends (e.g., Japsen, 2000; Baig et al., 2016; Ktenas et al., 2017),
velocity inversion (Ktenas et al., 2017; 2019), apatite fission track (AFT) analysis (Green and
Duddy, 2010), vitrinite reflectance (Gac et al., 2018), mass balance (source-to-sink) calculations
(Laberg et al., 2012; Lasabuda et al., 2018) and other methods (Corcoran and Doré, 2005; Anell
et al., 2009). Most of these are used as single methods and have their limitations in terms of their
applicability and are subject to a certain degree of uncertainty. However, there are integrated
studies, which have compared in detail several, completely independent methods, like Ohm et

al. (2008) and Baig et al. (2016).

In the basin modelling approach, different methods were utilised to minimise the
uncertainty and to integrate their results to establish a consolidated net erosion estimate along
the 2D section A-A’. Figure 7 shows conceptual models obtained from different methods, used
for the estimation of net apparent erosion (velocity inversion; compaction based net apparent
erosion estimates from wells by using sonic logs, regional interpreted profiles and structure grids

as well as vitrinite reflectance and temperature data acquired from North Energy database).
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Ktenas et al. (2017) developed a velocity inversion Normal Compaction model referred
to as the ‘Dikte NCT’ for use with sonic logs in the southwestern Barents Sea. This model has
two baselines: for Cretaceous shale and Lower Jurassic-Upper Triassic sandstone dominated
layers. The erosion estimates from the wells are determined by using an alignment of the sonic
logs with the ‘Dikte NCT’ model, (Figure 7a). The ‘Dikte NCT* model was then further utilized
on regional interpreted seismic profiles and maps depth converted with a check-shot calibrated
high-quality regional velocity model (Meisingset et al., 2018; Ktenas et al., 2019). Velocity
inversion in interpreted horizons is performed in a set of layers, where mid-point depth and
interval velocity are used as inversion inputs. In Figure 7b Layer 1 (green) is a Cretaceous shale
(referenced to the Dikte CretShale baseline) and Layer 2 (yellow) is an Upper Triassic sand-
shale layer (referenced to the Dikte LJurTrias baseline). The mid-points are plotted together with
the baselines in a net apparent erosion window. The estimated erosion is equal to the vertical
distance in metres between the points and their respective baselines. The arrows show the uplift
path of the points from their maximum depth of burial, when they were located on the baselines,

to their present depth (Ktenas et al., 2019).

In general, the vitrinite maturation follows an exponential curve with depth. When
plotting the vitrinite reflectance on a logarithmic scale against depth relative to the seabed, a
straight line is matched to the data points and the interception of the baseline with the 0.2 %Ro
value is measured. In recent sediments deposited at the seabed a value of 0.2 %Ro is assumed.
The difference between the maximum depth of burial and the present-day burial depth, at this

intercept, represents the net apparent erosion estimate (Fig. 7c).

By integrating the net apparent erosion results from the different methods within the
geometric constraint of horizon truncations, an optimised accuracy and areal coverage was

achieved. The distribution of the eroded layers was determined by interpreting the depth-
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converted truncated horizons within the envelope of the cumulative horizons. Net apparent
erosion maps were then included in the model to quality control and remove any inconsistencies.
In addition, there was a further subdivision into tectonic and glacigenic events, where the most

predominantly erosive event out of these two was explored as an end-member scenario.

3.1.2. Age assignment

The depositional ages are based on information from NPD and available literature (e.g.,
Larssen et al., 2005; Stemmerik and Worsley, 2005; Cavanagh et al., 2006; Henriksen et al.,
2022; NPD, 2022a). The 1D and 2D models also integrate the tectonic uplift and erosion events
assigned to events prior of the URU (pre-glacial) and the glacial erosion and uplift events
representing the late Pleistocene ice ages. Ice waxing and waning, or in other terms the loading
and de-loading of ice, are mimicked by the models (e.g., Cavanagh et al., 2006; Nielsen et al.,

2013, 2014, 2015).

3.1.3. Facies assignment

Different petroleum system elements such as source rocks and reservoir rocks are
assigned with the respective properties in the 1D and 2D models. The Snadd, Kobbe, Klappmyss
and Hekkingen formations are defined as source rocks, the properties of which, such as the initial
Hydrogen Index (Hlo), the Total Organic Carbon (TOC,) and reaction kinetics of the source
rocks were assigned to the model (Burnham, 1989). Generally, the initial TOC values for
deposits of the Kobbe-Klappmyss, Snadd and Hekkingen formations are typically in the range
of about 2-5%, 2-4% and 8-12%, respectively (e.g., Ohm et al., 2008; Abay et al., 2017). The

Hlo is approximately 250 mg HC/g TOC, 250 mg HC/g TOC and 350 mg HC/g TOC and the
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kerogen types considered are of the Type Il and I11-11, Type 111 and I11I-11, and mixed Type Il
and 111, respectively. We assigned source rocks kinetics from Burnham (1989). Furthermore, the
high-amplitude seismic reflectors typical for coal-bearing units of the Carboniferous Tettegras
Formation and the uppermost Soldogg Formation (e.g., well 7128/4-1) were assigned as
relatively gas-prone coal and coaly source rocks (initial TOCo 2-8%, Hlo at about 200 mg HC/g
TOC, Kerogen Type Il and I11-11). These occurrences of coal-topped thinning-upward cycles
represent deposition on vast flood plains or delta plains (Bugge et al., 1995). In addition, the
@rret Formation of Late Permian age is considered in the models as oil-prone marine shales
(initial TOC, 2-8%, Hlo at about 400 mg HC/g TOC, Kerogen Type IlI-11 and I1) although the
lateral extent and variation are somewhat less understood. However, the organic rich shales
demonstrate their thickest occurrence in the deepest basin and outer ramp areas where dysoxic
and anoxic bottom-water conditions prevailed. On the Finnmark Platform and the Loppa High,

the shales pass into the shallow-marine deposits of the Rgye Formation.

The marginal marine to shallow marine deposits of the Tubaen, Nordmela and Stg
formations of Jurassic age were defined as the reservoir rocks, while the Fuglen Formation and
the overlying Hekkingen Formation marine shales were defined as the seal rocks. The Tubaen
Formation represents predominantly a high-energy marginal marine environment, while the tidal
flat to flood plain environments of the Nordmela Formation were followed by a shallow marine
environment of the Ste Formation (e.g., Klausen et al., 2017; NPD, 2022a). Sandstones of the
Stg Formation are typically moderately to well-sorted and mineralogically mature, where quartz
cementation may have reduced the reservoir properties such as porosity (Walderhaug and
Bjerkum, 2003). In addition, the marginal to open marine environments, with renewed
northwards coastal progradation, characterising deposits of the Triassic Kobbe, Klappmyss,
Snadd and Fruholmen formations were assigned as reservoir rocks. Different size of quartz

grains and degree of clay coatings on quartz grains were assigned for characterising the chemical
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compaction of sandstones of these reservoir facies, based on the Walderhaug Quartz
Cementation Model (Walderhaug, 2000a; Walderhaug et al., 2000b; Walderhaug and Bjarkum,

2003).

In addition, reservoir rocks comprise limestones, dolostones and spiculites of the
Carboniferous and Permian (e.g., Larssen et al., 2005). Pre-Permian siliciclastic reservoir rocks
marked the erosional transition from the basement metasediments into the basal conglomerates
and sandstones representative of a braided river system of the Soldogg Formation (Bugge et al.,
1995). Overlying deposits characterise alluvial red-bed deposits of the Ugle Formation and the
marine deposits of the Falk Formation representing an overall rise in relative sea level in shallow

shelf environments.

3.1.4. Boundary conditions

The boundary conditions of the model define the thermal conditions related to the
temperature and burial history of the source rocks and consequently the maturation of the organic
matter through time. In addition, the reservoir rocks and the influence of temperature on their
reservoir properties at various burial depths are integrated. Three main boundary conditions have
been defined, the Palaeo-Water Depth (PWD), the Sediment Water Interface Temperature

(SWIT) and the Heat Flow (HF).

The PWD trend used in the petroleum systems model was constructed based on the
general understanding of the depositional environments (e.g., Larssen et al., 2005; Stemmerik
and Worsley, 2005; Smelror et al., 2009; Lerch et al., 2017) as well as from those used for
modelling of the adjacent areas in the southwestern Barents Sea (Cavanagh et al., 2006; Duran

et al., 2013a). The PWDs vary in time over the entire area by using the de-compaction and
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palaeobathymetric approach described by Kjennerud and Sylta (2001). The paleo-surface
temperature at sediment-water interface was calculated with the integrated software tool that
takes into account the palaeo-water depth and the palaeo-latitude of the study area (Wygrala,

1989).

The paleo-heat flow values in the southwestern Barents Sea vary between 50 and 72
mW/m?with an increase towards the west as a result of the lateral heat transfer from the adjacent
young ocean (Pascal, 2015). The highest values have been assigned to periods of extensive
rifting and faulting, during the Carboniferous, Late Permian-Early Triassic, Late Jurassic-Early
Cretaceous and the final rift phase of the Late Cretaceous-Eocene which culminates with
continental breakup and seafloor spreading (Fig. 2) (e.g., Cavanagh et al., 2006; Faleide et al.,
2008; Clark et al., 2013, 2014; Pascal, 2015). The lowest heat flow values have been assigned
to tectonically quite periods. The heat flow trend was created and then assigned to the model
from 0 to 345 Ma, with the heat flow ranging between 40 and 70 mW/m?. During the course of

thermal calibration, assignments have been adjusted to better match the well data.

3.1.5. The Golden Zone concept

In recent years, researchers in Norway have developed the concept of the ‘Golden Zone’
(G2Z) for hydrocarbon exploration (e.g., Buller et al., 2005; Nadeau, 2011; Angulo and Vargas,
2022). The GZ refers to a depth range of liquid hydrocarbon window corresponding to
temperatures from 60°C to 120°C and thermal maturity of vitrinite reflectance from 0.6% to
1.2% Ro (Bjgrkum et al., 2001). Below the GZ (>120°C) occurs the Expulsion Zone (EZ) whilst
above the GZ (<60°C) is the Compaction Zone (ComZ), which is also termed the Sealing Zone
(SZ) and the Cold Zone (ColZ) (Fig. 8). Bjgrkum and Nadeau (1998), Walderhaug (1996) and

Nadeau (2011) have documented the impact of clay mineral diagenesis and quartz cementation
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on porosity and permeability evolution of the sediments, for sedimentary basins on the
Norwegian Continental Shelf and the US Gulf of Mexico Basin. This concept has also been
extended to include carbonate reservoirs with a slightly different temperature range for the GZ
from 80 to 120°C (e.g., offshore Madagascar) (Bassias and Bertagne, 2015; Roberts and
Christoffersen, 2018). However, the definition of the GZ is critical in basins subjected to uplift

and erosion such as in the southwestern Barents Sea.

4. Results

4.1. Burial history, erosion and uplift

During the Cenozoic, the southwestern Barents Sea has been affected by several uplift
and erosion episodes. This can be clearly illustrated by Figure 3 where thick Cenozoic deposits
are observed especially in the Sgrvestsnaget Basin and to a lesser extent in the Hammerfest
Basin. Towards the Finnmark Platform area, Cenozoic deposition is clearly visible through the
prograding Cenozoic sediments that come to down-lap on the Top Cretaceous unconformity
(Figs. 4, 5 and 6). Furthermore, such areas in the southwestern Barents Sea tend to be exposed

to lower temperatures, which can have a large impact on the maturity of the source rocks.

Several episodes of tectonic events have affected the area since the Caledonian Orogeny
in the early Devonian times. The Caledonian event was accompanied by sedimentary deposition
across the southwestern Barents Sea, as it is illustrated by the Early Devonian deposition
interpreted in Figure 3. Mid Carboniferous and Permian rifting events were followed by regional
subsidence during the Triassic to Early Jurassic times. The Jurassic and Early Cretaceous

subsidence is clearly marked in the Sgrvestsnaget Basin, as it allowed for Cretaceous and
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Cenozoic deposition to occur and fill the basin creating a depocenter towards the west, as can be

observed in Profile A-A’ (Fig. 3).

The deposition and erosion of the layers at different time steps is shown in Figure 9. This
geological development at different time periods has been obtained by using the back-stripping
technique. Back-stripping is a basin analysis approach that is used to quantitatively estimate the
depth that the basement would be in the absence of sediment and water loading. Furthermore, in
the study area, by progressively removing each stratigraphic sequence and decompacting
sediments, it was possible to restore horizons to estimated water depths at different time periods
(e.g., Kjennerud and Sylta, 2001). In addition, the geological structure of the basins and their
major faults, featuring the predominant geological structure of the Loppa High, are dated back
to the beginning of the Early Jurassic. The Late Cretaceous-Cenozoic sediments are overlying

unconformably the highly faulted Triassic and older sediments.

The most important geological events that were used as model input in post-Caledonian times

include the following:

e A Devonian and Early Carboniferous rifting phase, predominantly fluvial and alluvial
sediments and coal deposits

e Middle Carboniferous to mid-Permian quiet tectonic phases, with deposition of platform
carbonates and thick basinal evaporites

e A Late Permian to Early Triassic rifting phase. A cooler climate and siliciclastic input,
associated to a marine environment

e Triassic represented by large-scale clinoforms prograding in a northwestern direction

e A lower-Middle Jurassic period which was relatively quiet when the main reservoirs of
the Realgrunnen Sub-Group (Stg, Nordmela, Tubden and Fruholmen formations) were

deposited
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e An Upper Jurassic to Lower Cretaceous rifting phase
e Cenozoic and tectonic events (e.g., North Atlantic Ocean spreading) with associated
uplift and erosion

e Quaternary events influenced by ice ages together with associated erosion and uplift.

4.2.  Source rock maturity

An independent maturity map of the Hekkingen Formation source rock based on the
maximum depth of burial at the Base Cretaceous Unconformity (BCU) level, has been produced
illustrating the regional differences in the southwestern Barents Sea (Fig. 10). The maximum
depth of burial has been calculated by applying a regional erosion estimate map from Ktenas et
al. (2017) and Ktenas et al. (2019). The equation applied here is as follows: ‘Maximum depth
of burial’ = (‘Present depth below MSL’ — ‘Water depth’) + ‘Net apparent erosion’. The
maturation map is most likely a qualitative approach where the average geothermal gradient

has been calculated from wells (e.g., Henriksen et al., 2021).

Large areas are at an immature stage in the eastern part of the study area. Towards the
west, in the Sgrvestsnaget Basin, in some parts of Tromsg and Bjgrngya basins this source rock
was gas-mature to over-mature at the time of maximum burial, implying that the oil generation
started before the time of maximum burial. Only narrow zones along the eastern part of
Bjegrngya, Sgrvestsnaget, Tromsg basins generated oil at that stage, in addition to minor areas

in the Hammerfest Basin and the southwestern part of the Nordkapp Basin.

To investigate the depth of the oil and gas windows, it was also necessary to apply
vitrinite reflectance and temperature data in constructed 1D models of selected wells along the

2D model. Generally, the thermal maturity at which the onset of oil generation takes place is
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correlated with a reflectance of about 0.5-0.6%Ro and the level at which there is enough
efficient oil generation able to onset the expulsion of hydrocarbons is at about 0.65 to 0.7%Ro
(e.g., Sweeny and Burnham, 1990). They are both strongly related to the reaction kinetics of
the source rock; however, the ability of the source rock to expel hydrocarbons is also dependent
on rock properties. Typically, the termination of oil generation takes place with vitrinite
reflectance of about 0.85-1.35%Ro, and the onset of the wet and dry gas windows is from 1.35-
2.0%Ro (e.g., Tissot and Welte, 1984; Sweeny and Burnham, 1990; Magoon and Dow, 1994;
Welte et al., 2012). However, these oil and gas windows vary among source rocks with different

kinetics.

The modelling results, as illustrated in Figure 11a, show source rocks maturity along the
2D profile expressed as vitrinite reflectance. All of the source rocks in the Sgrvestsnaget Basin
are mainly exhausted and overmature, whereas in the Loppa High area they are mature and range
from oil to dry gas (Fig. 11a). Over the Loppa High, the oldest source rocks are dry gas mature,
whereas those lying immediately above are wet gas mature on the steep western flank of the
Loppa High and in the oil window on the eastern flank, which become wet gas mature as we
move further eastwards. Generally, the youngest source rocks are early oil mature on both flanks
of the Loppa High. Further east in the study area, the older source rocks tend to be overmature
or dry gas mature and towards the Finnmark Platform, their maturity ranges from dry gas to wet
gas to reach the late oil window as we go from west to east. The younger source rocks pass also
from dry gas to wet gas to predominantly the oil window and even to immature (Jurassic) and
marginal mature (Triassic). This transition begins further and further westwards the younger the

source rocks are.

4.2.1. Hydrocarbon generation history
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The transformation ratio represents an indicator of hydrocarbon generation of the source
rock units based on the assigned reaction kinetics (e.g., Burnham, 1989). In Figure 11b, the
progressing maturity of the source rocks is illustrated for the present day in terms of a
transformation ratio expressed as a percentage of kerogen to petroleum conversion. The
youngest source rocks (Jurassic), for example, in the Hammerfest Basin and the Finnmark
Platform, range from up to 75% in the Hammerfest Basin to roughly 25% in the Nysleppen Fault
Complex (Fig. 11b). On the Finnmark Platform, the transformation ratio decreases updip from
roughly 25% to near 0% and remains at very low ratios. This indicates the presence of immature

and marginal mature source rocks for most of the extent of the Finnmark Platform.

Figure 11c shows the critical moment corresponding to the time of the highest probability
of entrapment and preservation of hydrocarbons. In the 2D model the ‘critical moment' is defined
as the moment when transformation ratio reached 50% (i.e., 50 % of the labile kerogen within
the source rock has been converted to petroleum). For a successful charge this should happen
after trap formation with a proper seal (Magoon and Dow, 1994). The source rocks considered
here include the Tettegras, @rret, Kobbe-Klappmyss and Hekkingen formations. The most
common critical moment over the study area ranges from the mid Cretaceous to older ages for
most source rocks, especially for the oldest ones, throughout the study area. A more recent
critical moment is in general observed for the younger source rocks in the eastern part of the 2D
profile and on the eastern flank of the Loppa High. The youngest source rocks in the Hammerfest
Basin are characterised by a transition of the critical moment from the Late Cretaceous in the
west to near present day in the east. Furthermore, the more recent critical moment is also
encountered, on the Nysleppen Fault Complex (close to the 7124/3-1, 7125/1-1 and 7125/4-1
wells) as well as in the eastern part of the study area, on the Finnmark Platform (close to the

7128/4-1 and 7128/6-1 wells) where it is close to the present day.
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A close-up of the eastern part of the study area is shown in Figure 12, including the
eastern part of the Hammerfest Basin, the Nysleppen Fault Complex area and the Finnmark
Platform. The hydrocarbon zonation shown in Figure 12 is dependent on source rock kinetics
and their burial history. In Figure 12a is shown the source rock kerogen Type Il (organofacies B
sensu Pepper and Corvi, 1995), which is typically of the organic rich marine shales of the Upper
Jurassic Hekkingen Formation and the Upper Permian source rock. In Figure 12b, kerogen Type
I11H (organofacies DE) is used, which characterises a more humic coaly source rock, which is
relatively gas prone with some oil potential. The illustrations of kerogens of Type Il (B) and of
Type IIIH (DE) in Figure 12 show the oil and gas generation and the present-day maturity of the
source rocks in terms of immature, oil, gas and overmature zones. Generally, the kerogen types
show similar trends along the 2D profile. However, the depths of the hydrocarbon zonation
reflect, as expected, the reactivity of the different kinetics of the oil-prone versus the gas-prone
source rocks. The older and therefore deeper buried source rocks are described as overmature in
the study area (Fig. 12). In the Nysleppen Fault Complex area in the west, the Pre-Permian source
rock Tettegras is overmature whereas the younger Permian source rock is overmature in the
western part of the fault complex and reaches the gas zone in the eastern part. The Kobbe-
Klappmyss source rock shows a transition from overmature, gas to oil zone in the western part

of the fault complex, whereas in the eastern part the source rock reaches the oil zone.

As we move to the east, in the Finnmark Platform area, the Pre-Permian source rock
continually transits from the oil to the gas zone (Fig. 12). In the same area, as we move upwards
in geological time we pass into the more oil-prone Permian source rocks in the oil zone. In this
eastern part, the even younger source rocks (Kobbe-Klappmyss and Hekkingen formations) are

mainly described as immature rocks.
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In Figure 12c, the expulsion onset, expressed in million years, is illustrated as a close-
up of the eastern part of the 2D profile, similar to Figures 11a and 11b. Expulsion onset
corresponds to the timing of when the different source rocks are predicted to begin to expel oil
and gas into the adjacent rocks; i.e., the onset of secondary migration out of the source rock. In
the eastern part of the Hammerfest Basin and Nysleppen Fault Complex areas, the Pre-Permian
source rocks are characterised by expulsion onset prior to the Mid Cretaceous. The Permian
source rocks are also described by a similarly early expulsion onset age in the western part of
the close-up 2D profile (Fig. 12c), but which is significantly postponed to about 40-100 Ma
updip of the Finnmark Platform. The age of the onset of expulsion from the Kobbe-Klappmyss
source rock is gradually later from west to east from about 100 Ma to near 0 Ma. Overall, the
shallow burial depth of the oil-prone Hekkingen shales results in the youngest expulsion onset

seen for the study area, roughly equivalent to the mid Cenozoic or later.

The 2D profile in Figure 13 illustrates the transformation ratio of the different source
rocks at present day and the three locations of time extractions for vitrinite reflectance of the
source rocks. Pre-Permian Tettegras, Permian @rret, Triassic Kobbe-Klappmyss and Upper
Jurassic Hekkingen, are treated as occurring throughout the 2D profile. Generally, less mature
source rocks are observed updip and on the Finnmark Platform compared with the basin areas
to the west. On the Finnmark Platform, the Triassic and Jurassic source rocks are immature,
implying that any hydrocarbons found need to be derived from the older source rocks on the

platform or need to be generated in deeper settings off the platform.

4.2.2 Reservoirs

Reservoir rocks play an important role when assessing the petroleum system as well as

the related prospectivity in an area. The presence of reservoir rocks is normally de-risked by
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depositional models, whereas the quality of reservoir rocks is related to depositional
mechanisms such as sorting of grains (mechanical compaction) and the diagenetic processes
influenced by temperature variation (chemical compaction) through the burial history.
Variations in the present-day temperature and the predicted maximum temperature along the
2D profile are shown in Figure 14a and 14b, respectively. This illustrates the differences
between the past and the present-day temperatures before and after the uplift-erosion events
(see also Figure 8). Special attention should be paid on the scale of temperatures reflecting
biodegradation (Fig. 14b). Below approximately 60-80°C there are larger chances of finding
biodegraded oil (e.g., Wilhelms at al., 2001; Wenger et al., 2002; Justwan et al., 2006). The
elevated temperatures that have been experienced in the past are translated into palaeo-

pasteurisation and consequently sterilisation of the reservoir in the past.

The predicted effective porosity of reservoir rocks is shown in Figure 15. The effective
porosity is dependent on the mechanical compaction and rock properties such as chemical
compaction incorporating quartz content, quartz grain coatings and grain size for the modelling
of quartz cementation. In general, the effective porosity increases from west to east along the 2D
profile and similarly in the reservoir rocks which are of younger age and found at shallower
burial depths. The effective porosity varies from about 5% to more than 15-20%, a value which

is encountered on the Finnmark Platform (Fig. 15).

Chemical compaction and the associated loss of porosity is shown in Figure 16. The
chemical compaction of sandstones resulting from quartz cementation can be controlled by the
amount of clay coatings on quartz grains as a function of grain size and the temperatures that
the reservoir rock has experienced through time. The quartz cementation modelling was carried

out for sandstones of Palaeozoic, Triassic and Jurassic age (Fig. 16).
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Overall, the chemical compaction of the Triassic and Jurassic sandstones reaches up to
about 15% porosity reduction with the highest degree of cementation in the basin areas being
found in the west whilst the smallest reduction of effective porosity is found in the Finnmark
Platform area. Therefore, the influence of diagenetic processes on the reservoir quality is here
reflecting the degree of quartz cementation and its relation with maximum temperature (pre-
erosion) through burial history, where any uplift-erosion events would then reduce the
temperature and the rate of cementation. The cementation and its porosity loss are dependent
on the degree of clay coatings on quartz grain sizes (typically reflecting the depositional

environment) as well as temperature and burial history.

5. Discussion

5.1. The Golden Zone in the southwestern Barents Sea

The temperature gradients for the reservoirs vary from place to place and thus, the GZ is
expected to be found at somewhat different depths. On the Norwegian Continental Shelf, the
depth of the GZ is ranging from two to around four kilometres (base of the GZ, 120°C) while in
some areas it can be found between one to two kilometres. Based on the maximum burial depth
of several discoveries (e.g., Wisting, Hanssen, Alta, Skrugard, Gohta, Snghvit and Havis), the
base of the Golden Zone has been shifted from about 3.7 km to 2.5 km depth (e.g., Nadeau,

2016).

These discoveries have been investigated by focusing on some key events, which have
implications with respect to the GZ concept in the southwestern Barents Sea. The key element

considered is the thermal regime of the area in order to use the estimates from the wells along
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the 2D profile. Nearby wells are also used since the E-W section (Fig. 3) covers a number of

different tectonic domains and these are expected to show considerable variation over the region.

An example of the application of the GZ concept for the southwestern Barents Sea is
illustrated in Figure 17. Here we observe how temperature data from the Drill Stem Test (DST)
and the Bottom Hole temperatures (BHT) increase relatively linearly with an increase in depth.
This increase in the temperature trend also corresponds to the passing from the Compaction Zone
(Sealing Zone) to the GZ and finally to the Expulsion Zone. An interesting observation is that
different estimates of the magnitude of uplift and erosion ((based on vitrinite reflectance data
and estimates from Ktenas et al. (2017, 2019)) all indicate a significant shift in depth and
associated maximum temperature to the lower present-day temperatures measured by DST and

BHT.

Furthermore, the glacigenic erosion and later uplift events introduced a low temperature
at the base of the ice, resulting in a less steep temperature gradient and thereby a cooling of the
succession (Cavanagh et al., 2006; Nielsen et al., 2013, 2014). As such, the southwestern Barents
Sea was subjected to an accelerating temperature change by both tectonics and ice dynamics
during the late Cenozoic, expressed by the large change in temperatures from the time of
maximum burial depth (typically maximum temperature) and the temperatures measured at the

present day (Figs. 14a, b and 17).

5.2. Petroleum systems

The petroleum systems have been studied in more detail along the 2D profile in the
Finnmark Platform, southwestern Nordkapp Basin and the Nysleppen Fault Complex area.

Several discoveries have been made in the Norwegian sector of the Barents Sea east of 26 °E

28



(Figs. 1 and 10) including three deeply penetrating exploration wells 7128/4-1, 7128/6-1 and
7130/4-1. Well results are here interpreted in the light of our basin models focusing on the

Finnmark Platform area.

The discovery well 7128/4-1 is located on the Finnmark Platform and is classified as an
oil and gas discovery in Upper Permian spiculites (Rgye Formation) within the Tempelfjorden
Group (NPD, 2022a). The Upper Permian spiculite play is proven and the reservoir presence and
quality have been demonstrated in the 7128/4-1 well. In particular, the oil found in the Raye
Formation on the Finnmark Platform is distinctly different from other oils (e.g., oils in the Kobbe
and Klappmyss formations in the Goliat field) and characterised by heavy carbon isotopes (e.g.,
Lerch et al., 2016). This strongly indicates the presence of a Palaeozoic source rock despite the
find of a small volume. The oil could have been either sourced from the coal-bearing Tettegras
Formation of Carboniferous age or from the Permian @rret as an alternative candidate (van
Koeverden et al., 2010; Henriksen et al., 2022). Coal-bearing sections of similar age have been
identified on Svalbard and Bjgrngya suggesting that coal distribution extends over large areas in
the southwestern Barents Sea, with a lesser extent towards the graben features (Larssen et al.,
2005). Reservoir rocks have also been recognised in dolomitised carbonates, which are
encountered in the @rn Formation (late Carboniferous-early Permian) in well 7128/6-1 where
minor oil shows are also recorded. Visean sandstones (Billefjorden Group) encountered in both
wells exhibit highly variable reservoir qualities and this represents an important risk issue in

these plays.

Our 2D model predicts that the Permian source rocks are within the oil window and the
even younger source rocks of the Kobbe, Klappmyss and Hekkingen formations are mainly
immature to marginal mature source rocks (Figs. 11a and 12). As can be seen from the

interpreted regional profiles (e.g., Fig. 6), the Finnmark Platform has undergone a major uplift.
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Based on sonic velocity measurements (Ktenas et al., 2017) the net apparent erosion for the wells
7128/4-1 and 7128/6-1 is at about 1450 and 1500 metres, respectively, which is consistent with
previous studies (e.g., Henriksen et al, 2011). There, the net erosion estimates have been assessed
from the lower part of the Triassic section. Similar estimates have been obtained in stratigraphic
layers (Cretaceous and Triassic) in the eastern part of the Finnmark Platform (Profile A-A’) as
well as in structure maps based on the velocity inversion analysis (Ktenas et al., 2019). The
difference in present day temperature and the maximum temperature before and after the uplift
and erosion events indicate alteration of the reservoir quality due to the diagenetic processes
(Fig. 14). In particular, the effective porosity of the Pre-Permian siliciclastic deposits in the
Finnmark Platform appears to be less affected through the temperature and burial history towards

the eastern Norwegian Barents Sea (Fig. 15).

Indications of secondary porosity in carbonates with similar processes have been
observed in the Gohta discovery in the Loppa High (Brunstad and Rennevik, 2023). These
indications increase the potential of the reservoir rocks of the Permian. Following the evolution
that took place later in the Triassic, a large delta begun to fill up the Barents Sea with clastic
sediments. The existence of a ‘mountain range’ (Uralides from Palaeozoic) was considered as
the main provenance area, thus providing an explanation of the aforementioned event. Large
scaled clinoforms and fluvial deposits in the Finnmark Platform have also been observed
throughout the southwestern Barents Sea. The Triassic interval has the potential for containing

petroleum reservoir rocks (Glarstad-Clark et al., 2011; Eide et al., 2018; Henriksen et al., 2022).

Recently, the primary exploration target for the well 7130/4-1 (@rnen prospect), which
is located east of our study area on the Finnmark Platform, was to prove petroleum in carbonate
and spiculite deposits of the Raye Formation (NPD, 2022a). The secondary exploration target

aimed to prove petroleum in underlying carbonates and sandstones of the @rn and Soldogg
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formations of Carboniferous and Permian ages. In the primary exploration target, well 7130/4-1
encountered an approx. 40-metre thick spiculite reservoir in the Rgye Formation but was
characterised by a poor reservoir quality and traces of oil. In the secondary exploration target,
the well proved minor shows of petroleum in the @rn Formation. In this well, the formation is
about 180 metres thick but is mainly tight. A gas column height of 5 m was encountered in
sandstones with moderate reservoir quality of the Soldogg Formation (NPD, 2022a).
Furthermore, a recent gas discovery was confirmed in the Finnmark Platform, namely the
7122/9-1 (Lupa) well in Lower Triassic Havert Formation (NPD, 2022a). Such findings continue
to maintain the Finnmark Platform’s status as a region of considerable interest for further

exploration.

5.3. Uncertainty in data and modelling

The uncertainty is often related to the basin geometry since it relies on uncertain seismic
interpretation and depth of the stratigraphic horizons based on a regional velocity model (e.g.,
Baur et al., 2010). Additional uncertainty in the modelling is related to thermal boundary
conditions (e.g., paleo-heat flow) and geochemical properties of source rocks and their kinetics.
Some uncertainty is also related to the estimation of the magnitude and timing of uplift and

erosion events (e.g., Ktenas et al., 2017, 2019 and references therein).

6. Conclusions

The aim of this study was to evaluate the impact of maximum burial and net apparent
erosion to the petroleum systems in the southwestern Barents Sea. This is illustrated by mapping
and modelling a regional 2D profile through the southwestern Barents Sea. The estimates of net

apparent erosion along the 2D profile were also integrated from vitrinite reflectance, temperature
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as well as by velocity inversion of sonic logs, profiles, and maps. The uplift-erosion events were
subdivided into tectonic and glacigenic events and the most predominant erosion event out of
these two was investigated as end-member scenarios.

The selected end-member of the uplift-erosion scenario determines for what length of
time the source rock is retained at great depth and therefore the time it takes for generating and
expelling oil and gas from the deeper kitchen area, until the source rock is uplifted into the low
temperature regime. Time-wise this could in principle also control how effective expulsion from
the source rock is; i.e., assuming that the longer the time of exposure to higher temperatures and
pressures is, the greater the possibility of larger amounts being expelled from the source rock.

Deep burial depth and exposure to higher temperatures prior to uplift and erosion, clearly
influences the reservoir quality and can be used directly as a prediction tool in the evaluation of
the reservoir quality regionally. At several places, the porosity is varying due to mechanical
compaction and the temperature-controlled diagenesis resulting in lower porosity than expected
at certain depths compared to other basins not subjected to severe uplift and erosion.

An understanding of maturity history at various well locations was achieved by carrying
out 1D modelling for a selected number of wells in the region. The Barents Sea is complex, but
even the simplest basin setup with multiple source rocks shows different timing for hydrocarbon
generation; i.e., emphasizing the real complexities such as regional tilting, multiple sub-basins,
different erosion events, ice ages, net erosion/uplift. This study has demonstrated that the
expulsion may have taken place since Triassic and up to late Tertiary times. It is expected that
the hydrocarbon expulsion ceased during the late uplift periods. A predicted maturity map
reflecting the oil and gas windows for the most prominent source rock, the Hekkingen
Formation, clearly indicates that large areas towards the east have most likely never reached the
oil window. In the deep basins towards the west, the Hekkingen Formation has reached the oil

and gas window at maximum burial and the deeper source rocks are now overmature.
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Simulation results in the 2D modelling showed that the Upper Jurassic source rock is
immature to marginal mature over large parts of the eastern part of the study area. The
expectations of future discoveries in the area are high, especially for those areas and depths
which are characterised by high chargeability of traps associated with the pre-Jurassic source
kitchens and the porous reservoir rocks. Locally, however, prospectivity varies considerably
within the region. The highest potential for oil is expected in the western areas, while gas and
gas-condensate from pre-Jurassic source kitchens will be dominant in most of the eastern areas
of the Norwegian Barents Sea.

Accordingly, the strategy for hydrocarbon exploration in severely exhumed basins has to
be aligned with the magnitude and timing of the uplift and erosion events such as in the Barents

Sea, exploring at shallower depths than previously.
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Figure captions:

Figure 1. Map of the Norwegian Barents Sea showing the different structural elements and oil-
gas discoveries. The regional profiles A-A’, B-B’, C-C’ and D-D’ and the wells studied along
the lines are indicated with a red colour and red dots, respectively. The location of the study
area is indicated in the inserted figure. Modified from the Norwegian Petroleum Directorate

(NPD, 2022b) and Jakobsson et al. (2008).

Figure 2. Tectonostratigraphic chart from the southwestern Barents Sea, showing petroleum

system elements such as source rocks and reservoir rocks as well as major geodynamic events

such as rifting phases and uplift-erosion events during tectonic and ice-age events. Modified
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from Ohm et al. (2008) and the Norwegian Interactive Offshore Stratigraphic Lexicon

(NORLEX).

Figure 3. The upper panel shows the interpreted seismic 2D profile A-A’ passing from the
Sgrvestsnaget Basin, Loppa High, Hammerfest Basin and the Finnmark Platform illustrates the
basin configuration, the changes in structural styles and geometries. Areas with missing sections
and major erosion can be identified along the profile. The lower panel illustrates the 2D basin
and petroleum systems model along the seismic 2D profile. For the location of the 2D line see

Figure 1 (Modified after Ktenas et al., 2017).

Figure 4. Seismic Profile B-B’ reaching across the Nysleppen Fault Complex and through the

well 7124/3-1 (Bamse).

Figure 5. Seismic Profile C-C’ reaching across the Nysleppen Fault Complex and through the

wells 7125/1-1 (Binne) and 7125/4-1 (Nucula).

Figure 6. Seismic Profile D-D’ reaching from the large diapirs in the southwestern Nordkapp
Basin and onto the eastern part of the Finnmark Platform. The major unconformity of Plio-

Pleistocene (URU) is truncating salt diapirs and the tilted layers on the Finnmark Platform.

Figure 7. Conceptual models for the estimation of net apparent erosion derived from the

velocity inversion (sonic logs, seismic profiles and time structure grids) and vitrinite
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reflectance. a) The net apparent erosion is estimated by matching the green sonic log against
the blue and red curves representing Lower Jurassic-Upper Triassic sandstones and Cretaceous
shales, respectively. b) The upper panel shows two layers of Cretaceous (green) and Lower
Jurassic-Upper Triassic age (yellow) with their mid-points superimposed. The lower panel
shows the calculation of the net apparent erosion, as the vertical depth difference between the
layers’ baseline, where the layers would have been at maximum depth of burial and the present
depth of burial. ¢) Measurements of vitrinite reflectance (%Ro0) represent the deepest burial
depth and the thermal maturity of the sediments; however, where unexpectedly high values are
encountered, this points to a deeper burial depth in the past followed by an uplift-erosion event.

Modified after Ktenas et al. (2017; 2019).

Figure 8. Mechanisms affecting the depth and the temperature expected of the Golden Zone.
On the left side of the figure, sedimentary deposits subjected to normal subsidence are reaching
their maximum burial depth at present day, which is typically found for the North Sea, for
example. On the right side of the figure, the major erosion events that characterise the
Norwegian Barents Sea have shifted the hydrocarbon accumulation zone to a shallower depth

and a lower temperature at present. Redrawn after Nadeau (2011; 2016).

Figure 9. Geological development along the 2D profile by back-stripping of the layers through
geological time. Note that the back-stripping comprised de-compaction and integrated uplift-
erosion events in 2D modelling. Examples, namely, pre-glaciation Age, Last Glacial Maximum

and the present day are shown.
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Figure 10. Qualitative maturity map showing oil and gas windows of the Hekkingen Formation
at Base Cretaceous Unconformity (BCU) level, applying a regional net apparent erosion map

from Ktenas et al. (2017) and Ktenas et al. (2019).

Figure 11. Maturity of source rocks along the 2D profile expressed as a) vitrinite reflectance
EASY%Ro (Sweeney and Burnham, 1990) and b) a transformation ratio in percentage of
kerogen to petroleum. c) The Critical Moment (TR=50%) is expressing the timing when the
trap should be in place for a successful charge to occur, according to Magoon and Dow (1994).
Note that the modelled source rocks are not necessarily continuously distributed along the
whole 2D profile. Abbreviations of the source rocks: J: Upper Jurassic Hekkingen; Tr: Triassic

Kobbe-Klappmyss; P: Permian @rret; PP: Pre-Permian Tettegras.

Figure 12. Hydrocarbon zonation of a) kerogen Type Il (B) and b) kerogen Type Il1IH (DE)
after Pepper and Corvi (1995), representing the present-day maturity of source rocks in terms
of immature, oil, gas and overmature zones. The zonation is predominantly controlled by
kinetics of the source rocks and the burial and thermal history. ¢) Expulsion onset showing
when the source rocks began to expel oil and gas into adjacent rocks. Close-up of the 2D profile
of the Hammerfest Basin, Nysleppen Fault Complex and Finnmark Platform. For the

abbreviations of the source rocks see the caption to Figure 11.

Figure 13. The 2D profile of the Hammerfest Basin, Nysleppen Fault Complex and Finnmark
Platform shows the transformation ratio of the source rocks at the present day. The locations of

time extractions of the source rocks are shown along the section and within the inset. The time
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extractions show the transformation of kerogen to petroleum and the EASY%Ro of Sweeney
and Burnham (1990) for the Permian, Triassic and Upper Jurassic source rocks. Less mature
source rocks are seen for the Finnmark Platform area compared with the basin areas. For the

abbreviations of the source rocks see the caption to Figure 11.

Figure 14. Reservoir rocks. a) Their temperatures at the present day and b) maximum
temperatures experienced through burial history. Note that these reservoir rocks are not
necessarily evenly distributed along the 2D profile showing the Hammerfest Basin, Nysleppen
Fault Complex and Finnmark Platform. Abbreviations of the reservoir rocks: J: Jurassic
Tubden, Nordmela and Stg; SF: Triassic Snadd and Fruholmen; KKU: Triassic Kobbe and
Klappmyss Upper; KKL: Triassic Kobbe and Klappmyss Lower; PPU: Pre-Permian Upper;

PPL: Pre-Permian Lower.

Figure 15. Effective porosity of reservoir rocks. Note that the reservoir rocks are not necessarily
evenly distributed along the whole 2D profile. For the abbreviations of the reservoir rocks see

the caption to Figure 14.

Figure 16. a) Chemical compaction and its related loss of porosity where the chemical
compaction resulting from quartz cementation can be controlled by the amount of clay coatings
on quartz grains as a function of grain size and the temperatures that the reservoir rock has
experienced through time. b) Time extractions showing porosity loss in sandstones through
time, which is derived from the Walderhaug Quartz Cementation Model (Walderhaug, 2000).

Each of the time extractions illustrates various degree of grain coatings from 25, 50 and 75%
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and its impact on cementation through time. The locations of the time extractions are indicated
on the 2D profile. Note that the reservoir rocks are not necessarily evenly distributed along the
whole 2D profile. Abbreviations of the reservoir rocks: J: Jurassic Tubaen, Nordmela and Stg;
SF: Triassic Snadd and Fruholmen; KKU: Triassic Kobbe and Klappmyss Upper; KKL:

Triassic Kobbe and Klappmyss Lower; PPU: Pre-Permian Upper; PPL: Pre-Permian Lower.

Figure 17. Depth-temperature cross plot for the southwestern Barents Sea This plot is showing
down-hole and bottom-hole temperatures measured through DST and TD at the present day,
based on data released by the NPD. The small black arrows illustrate how the maximum depth
of burial ((derived from vitrinite reflectance and the estimates from Ktenas et al. (2017, 2019))
was shifted towards a shallower depth at the present-day due to tectonic and glacigenic uplift
and erosion events. Note the grey dashed line separating down-hole temperatures (DST) in the
upper part of the golden-reddish coloured field. The DST temperatures (except for one
measurement point) suggest an approximate range of 35-100°C for reservoir targets in the
Norwegian Barents Sea. DST measurements targeting reservoirs are all within the solid blue
polygon, which in the study area is reflecting a lower temperature range for discoveries than
the sensu stricto Golden Zone. Potentially, the blue dashed polygon indicates an extension
towards even shallower depth and lower temperature range for the Golden Zone. Examples of
Barents Sea discoveries: 1 — Well 7324/7-2 Hanssen oil discovery in the Stg Formation, 2 —
Well 7122/7-2 Goliat oil discovery in the Tubden Formation, 3 — Well 7121/7-1 Albatross
gas/condensate discovery in the Stg Formation, 4 — Well 7226/11-1 gas discovery in the Havert

Formation.
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Highlights of the manuscript:

Basin modelling (1D and 2D) has been performed for a selected number of wells and
along one regional 2D seismic line by integrating net apparent erosion estimates for
the southwestern Barents Sea. This has resulted in an assessment of the impact of
maximum burial and net apparent erosion on the petroleum systems.

Simulation results indicate that the Upper Jurassic source rock is immature to
marginally mature in the central and eastern Norwegian Barents Sea. In contrast, the
western part has very deeply buried Upper Jurassic Hekkingen source rock in the
deepest Cretaceous grabens where it is in overmature or in dry gas-mature zones; on
the flanks it has late oil to peak-oil maturity.

The Permian @rret, the Lower-Middle Triassic basal Klappmyss and basal Kobbe
shales may be important gas-prone source rocks in the eastern Norwegian Barents Sea.

As a consequence of the severe exhumation in the southwestern Barents Sea, it is
important to adjust the exploration strategy to shallower depth and lower temperatures.
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