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Preface

This thesis is submitted in fulfilment of the requirements for the degree of
Philosophiae Doctor (PhD) at the University of Stavanger (UiS), Norway.
The research was completed between August 2018 and October 2022 and
was founded by the LOCRA, JuLoCra (https://wp.ux.uis.no/julocra/) and
CBTH (http://cbth.uh.edu/) projects. During this period, | worked as a
research fellow at the Department of Energy Resources, Faculty of Science
and Technology. My main supervisor is Professor Alejandro Escalona (UiS),
and my co-supervisor is Professor Sverre Ohm (UiS). Collaboration was
established with other UiS researchers: Luis Rojo and Guro Skarstein,
Professor Nestor Cardozo, and Associated Professor Dora Marin. Adjunct
Professor Thomas Demchuck at Louisiana State University and Professor
Snorre Olaussen at UNIS were important collaborators. Additional industry
collaboration was established with Eshita Narain (Staatsolie), Jan de Jager
(independent consultant), Andrew Pepper (T!PS), and Elisabeth Roller
(Belmont). During this time, | supported Professor Alejandro Escalona and
Sverre Ohm in teaching the Introductory Geology bachelor course
(GEO100) and the Petroleum Systems master course (GEO690),
respectively. | occasionally supported Professor Escalona in teaching
selected topics of the Subsurface Interpretation Master course (GEO600).

This research has resulted in five main publications, four as first author and
one as a coauthor. They are published in two different journals: American
Association of Petroleum Geologist (AAPG) — Memoir 123 and Marine and
Petroleum Geology. Besides these publications, | have authored other 2
papers and coauthored one more, which are complementary to the main
publications (Annex 2). Likewise, | have presented several aspects of this
research in academic and industry conferences.


https://wp.ux.uis.no/julocra/
http://cbth.uh.edu/

The first chapter of this thesis introduces the main themes, objectives,
implementation, database, results, discussion, conclusions, and
recommendations. The second chapter is a compilation of the five papers
constituting the main research production of this study.
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Summary

Assessing the geochemistry of oils and the source rock facies from which
they originated is crucial in petroleum systems analysis. Crude oils are
usually available for geochemical characterization, but pertinent source rock
data is often scarce or absent because exploratory drilling mostly targets
reservoirs in structurally elevated areas and fails to sample the deeply buried,
prolific basinal source facies. Explorationists, unable to perform direct oil-
to-source correlations, must rely on source rock inferences drawn from oil
geochemistry, a practice named geochemical inversion.

This work focuses on organic geochemical investigations in the southeastern
Caribbean-Atlantic margin and selected areas of the Norwegian Continental
Shelf. These geologically distinct regions were selected as natural
laboratories because their different data sets and geochemical commonalities
offer a unique arena to explore the successes and pitfalls of selected
geochemical proxies in geochemical inversion. A variety of techniques are
employed to: (1) Review the accuracy of stable carbon isotopes in assessing
organofacies in source rocks and oils; (2) Explore the utility of inverting oil
biomarker composition to source rock organofacies and associated kinetic;
and (3) Appraise the validity of selected biomarker ratios employed in age
and lithofacies determination.

Paper | combines maceral descriptions, TOC and Rock-Eval, carbon
isotopes, and palaeogeographical considerations. Integration of this data
resulted in a subregional to regional characterization of organofacies and
sedimentary environment changes through the Upper Jurassic to Lower
Cretaceous Hekkingen Formation in the Norwegian Barents Sea.
Importantly, this paper documents a poor correlation between maceral
compositions and stable carbon isotopes of source rock extracts. It is



tentatively explained as the result of varying degrees of diagenetic alteration
of the organic matter.

Paper 11 builds on Paper | and evaluates the petroleum generation potential
of the Hekkingen Formation using pyrolysis gas chromatography, bulk
kinetics, and micro-scale sealed vessel pyrolysis analyses. This article
demonstrates how the source rock thermal stability and the character of the
generated hydrocarbon blend varies with regard to maceral assemblages.

Paper I11 collects Upper Jurassic source rocks across the northern North Sea.
The samples were analysed for TOC and Rock-Eval, carbon isotopes, and
maceral compositions, and the results are integrated to produce a regional
organofacies interpretation. The isotopic and biomarker composition of 120
oils distributed across the North Sea is utilized for organofacies assessment
of their source facies and subsequent comparison with the interpreted source
rock variability. This work finds that carbon isotopes of both source rocks
and oils become progressively heavier with increasing terrestrial detritus as
per macerals and biomarkers, respectively.

Paper IV uses biomarker and isotope data to perform a geochemical
characterization of oils onshore Barbados. Interpretations suggest that these
liquids were derived from a Cretaceous deep marine shale source rock. This
manuscript also compares the Barbados dataset with publicly available data
to establish possible relationships between the facies sourcing the Barbados
oils and well-understood source rocks in the region. The studied oils, as well
as most oils used for the regional comparison, exhibit high concentrations of
extended tricyclic terpanes. This publication argues that the elevated
abundance of these markers in the region may be circumstantial evidence to
date Upper Cretaceous-sourced oils.

Paper V evaluates the molecular and carbon isotopic composition of fifteen
heavy oils onshore Suriname. Oils produced from Cenozoic reservoirs

Vi



(Group A) possess compositional attributes characteristic of oils generated
from a distal marine shale, possibly the Upper Cretaceous shales of the Canje
Formation. These oils possess varyingly high abundances of extended
tricyclic terpanes. In contrast, Group B oils occur in Late Cretaceous beds
and have biomarker relationships diagnostic of oils derived from a proximal
marine depositional system rich in terrestrial organic matter. These oils
exhibit isotopic values that are in average 3%o heavier than the Group A oils.

This thesis provides clear observations, conclusions, and recommendations
that can help optimize the use of selected geochemical proxies in inverting
oil compositions to source rock attributes. The results have direct
implications for understanding source rocks in the southern Caribbean-
Atlantic margin and elsewhere when pertinent data is absent.
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Chapter 1



Introduction

1. Introduction

Assessing the geochemistry of oils, as well as the source rock facies from
which they originated, is of crucial importance in petroleum systems
analysis. Such assessment involves the use of multiple geochemical
techniques, some of which are exclusive to either sediments or oils and
others that are applicable to both. Bulk and pyrolytic source rocks analyses
such as TOC, Rock-Eval, Py-GC, and kinetic are employed to address
variations in the organic matter make-up and petroleum generative potential.
Molecular analyses of crude oils and source rock extracts are instrumental
in investigating the character (i.e., marine versus terrestrial), age, and
maturity of the organic matter as well as in inferring depositional conditions
during its sedimentation. Stable carbon isotopes of both liquids and extracts
have also been exploited as an organofacies diagnostic parameter. As such,
molecular and isotopic techniques provide tools to perform oil-to-source and
oil-oil correlations with certain confidence.

Crude oil samples are usually available for geochemical characterization and
correlation, but pertinent source rock data is often scarce or absent because
exploratory drilling mostly targets reservoirs in structurally elevated areas
and fails to sample the deeply buried, prolific basinal source facies.
Therefore, explorationists are unable to perform direct oil-to-source
correlations and must rely on source rock inferences drawn from oil
geochemistry, a practice named "geochemical inversion™ by Bissada et al.
(1993). That is the case in the southeastern Caribbean-Atlantic margin
(Figure 1A). The organic facies sourcing the Woodbourne Field onshore
Barbados remains undrilled due to structural complexity while correlation
of the distinct oil families to their parent source in the neighboring Guyana
Basin is imperfectly understood.
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Figure 1. Map of the southeastern Caribbean-Atlantic margin (A) and the
Norwegian Continental Shelf (B) outlining the study areas in this study.
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In areas like the Norwegian Barents and North seas (Figure 1B), the different
source rock intervals are extensively drilled, and sampling materials are
accessible. These provinces also enjoy vast volumes of oil and source rock
data readily available in public and proprietary data bases. Lessons learned
from these data-rich regions can assist in inverting the geochemical
characteristics of migrated oils to specific attributes of the source rock in the
southeastern Caribbean-Atlantic margin and elsewhere when pertinent data
is absent.

This work utilizes the southeastern Caribbean-Atlantic margin and selected
areas of the Norwegian Continental Shelf as natural laboratories with the
aim of exploring the successes and pitfalls of selected geochemical proxies
in predicting source rock attributes. It focuses on the use of stable carbon
isotopes and specific biomarkers in inferring source organofacies and
associated kinetics, age, and sedimentary conditions grouped in the three
following themes.

1.1. Theme 1: Stable carbon isotopes in organofacies
assessment

In petroleum geochemistry, stable carbon isotopes (i.e., 8:3C) have been
suggested to reflect the composition of the organic matter in the source rock
facies (Craig, 1953; Sofer 1984). Isotopically heavy oils are attributed to
terrestrially dominated sources whereas lighter oils are ascribed to marine
dominated sources (Yeh and Epstein 1981). Other authors have associated
oils of a heavy isotope composition (i.e., -18 to -24 %) to deep-water facies,
and lighter compositions (i.e., -26 to -32 %o) to shallower-water facies
(Bissadaetal.,, 1993). If the criteria for inferring sedimentary environments
and affiliated organic inputs are assumed to be intimately related, i.e., deep
marine facies contain mostly marine inputs, the findings by the different
authors are essentially contradictory.
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While it is fact that the composition of the primary organic matter imparts
specific attributes to the general isotopic character, numerous factors alter it
during and immediately after deposition, transformation into petroleum, and
migration (Galimov 2006). Biochemical research on modern sediments has
demonstrated that several fractionation mechanisms acting together alter the
S13C of the primary organic materials differently during diagenesis, leading
to selective preservation of the less reactive organic compounds
(Freudenthal et al., 2002; Lehmann et al., 2002; Galimov 2006). The §3C
composition inherited from the diagenetic stage is additionally modified by
thermal stress and eventually by hydrocarbon biodegradation. The
overlapping effects of all these factors partly outweigh each other and may
eventually obscure the original 8*C of the source material. Historically,
most workers, unable to perform direct oil-to-source correlations, have
oversimplified this matter and the variability is solely attributed to changes
in organic inputs and sedimentary environment.

1.2. Theme 2: Geochemical inversion to source rock
organic composition and kinetics

The sedimentary organic matter occurring in a source rock has characteristic
biochemical attributes inherited from the unique mixture of organisms
coexisting in the ecosystem. The resulting organic make-up can consist
entirely of bacterial, algal, planktonic, or land-plant derived materials, or
consist of a mixture of various organic components as most commonly occur
(Behar and Vandenbroucke, 1987). Each of the organic matter types
possesses different oil and gas generative capabilities and transforms into
hydrocarbons at different temperatures (i.e. thermal lability; Tegelaar and
Noble, 1994; Eglington et al., 1990). This transformation proceeds through
a multitude of quasi-irreversible, parallel and consecutive reactions
governed by chemical kinetics (Dieckmann et al., 1998).
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The relative abundance of terrestrial plant detritus versus aquatic organics
determines both the kinetics of petroleum generation and the character of the
generated hydrocarbon blend. For example, hydrogen-poor terrestrial
kerogens, which are at best only gas & condensate prone, are thermally very
stable and require higher activation energies to generate than do labile, oil-
expulsive marine kerogens (Eglington et al., 1990; Braun et al., 1991;
Tegelaar and Noble, 1994). These complexities cause every source rock, or
facies of a single source, to be kinetic and compositionally unique. If source
rock samples are absent, so are the pertinent Kinetic parameters needed for
simulating the petroleum generation and explorationists must rely on
selecting a set of kinetics from analogue source rocks.

The characteristic biochemical attributes of the organic matter in a source
rock are transferred to the migrated oils in the form of molecular fossils or
biomarkers. Thus, examining the biomarker distribution provides a strategy
by which the relative contribution of aquatic marine versus terrestrial plant
materials to the kerogen mix can be qualitatively estimated. This in turn
provides a quick means of inverting the composition of the accumulated
liquids to approximate kinetic properties of their sourcing facies.

1.3. Theme 3: Selected biomarkers in age and
lithology determinations

The advent of Gas Chromatography Mass Spectrometry during the 60s
prompted the development, and implementation, of the biomarker concept
(Hunt et al., 2002). Since then, biomarkers have been crucial to the
geochemist in deriving clues about the sedimentary environment, lithology,
age, organic matter composition, and maturity of source rocks. The concept
capitalizes on the fact that certain organic compounds in the original source
material preserve most of their initial structural signature and
stereochemistry in the migrated oils (Tissot and Welte, 1978).
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In the Norwegian Barents Sea, the presence of high quantities of extended
tricyclic terpanes is associated with Triassic or older source rocks and oils
(Figure 2A), being characteristically low in Upper Jurassic-sourced oils
(Ohm et al., 2008). Caribbean-Equatorial oils in which these markers are
high, like in the Barbadian and Surinamese crudes (Figure 2B and C), are
interpreted as having originated in upwelled source rock systems of
Cretaceous age (Zumberge et al., 2007).

The distribution of tricyclic terpanes and the abundance of diasteranes
relative to regular steranes in some crude oils from the Guyana Basin are
typical of generation from a mixed clastic and carbonate source facies.
Despite biomarkers consistently diagnosing a mixed source, bulk oil
properties such as the sulfur weight percent of these oils (i.e. 0.2 wt%) fail
to support the biomarker interpretation and instead support a clastic source.
These ambiguities seemingly demonstrate that the significance of specific
biomarkers vary due to attributes intrinsic to the organic source materials
and the local environmental conditions in which the organisms are
deposited. Under certain circumstances, for instance, organic input or
lithology diagnostic parameters can overlap with those sensitive to age or
water oxygenation conditions.

1.4. Research objectives and implementation

This PhD project focuses on organic geochemical investigations in the
southeastern Caribbean-Atlantic margin (Papers IV and V) and selected
areas of the Norwegian Continental Shelf — Barents (Papers | and I1) and
North (Paper 111) seas. These geologically distinct regions were selected as
natural laboratories because their different data sets and geochemical
commonalities offer a unique arena to explore the successes and pitfalls of
selected geochemical proxies in geochemical inversion. For such purpose,
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this work adopts an interdisciplinary approach and defines the following
objectives:

1. Review the accuracy of stable carbon isotopes in assessing
organofacies in source rocks and oils.

2. Explore the utility of inverting oil biomarker composition to source
rock organofacies and associated kinetic.

3. Appraise the validity of selected biomarker ratios traditionally
employed in age and lithofacies determination.

The current study comprises five publications related to the three
fundamental objectives described above. Paper | combines maceral and
mineral descriptions, TOC and Rock-Eval, carbon isotopes, and
palaeogeographical considerations. Integration of this data resulted in a
subregional to regional characterization of organofacies and sedimentary
environment changes through the Upper Jurassic to Lower Cretaceous
Hekkingen Formation in the Norwegian Barents Sea. Importantly, this
manuscript discusses the relationship between isotopes of source rock
extracts and maceral compositions. Paper 11 builds on Paper | and evaluates
the petroleum generation potential of the Hekkingen Formation using bulk
and quantitative pyrolysis analysis. This article demonstrates how the source
rock thermal stability and the character of the generated hydrocarbon blend
varies with regard to maceral assemblages. Paper 11l implements a
workflow similar to that in Paper | but evaluates Upper Jurassic source rocks
in the northern North Sea. In addition, this publication discuses oil isotopes
and their relationship with source rock organofacies. Paper IV uses
biomarker and isotope data to perform a geochemical characterization of
petroleum occurrences onshore Barbados and speculates on their generating
facies. This manuscript also compares the Barbados dataset with publicly
available data in an attempt to establish possible relationships between the
facies sourcing the Barbados oils and well-understood source rocks in the
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region. Paper V evaluates the geochemical composition of fifteen heavy oils
onshore Suriname and draws inferences on possible sourcing facies based
on various geochemical attributes. Like Paper 1V, this work discusses the
existence of varyingly high abundances of extended tricyclic terpanes and
their possible significance.
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2. Study area and geological setting

This study involves two different geological regions: (1) the southeastern
Caribbean-Atlantic margin comprising the Barbados Accretionary Prism
and the adjacent Guyana Basin (Figure 1A); and (2) the Norwegian Barents
and North seas (Figure 1B). This chapter briefly introduces the most
important aspects of the regional geology with a focus on source rock
development.

2.1 Southeastern Caribbean-Atlantic margin

2.1.1 The Barbados Accretionary Prism — A mid to Upper
Cretaceous, La Luna-Like source rock (?)

The present-day tectonic setting in the southeastern Caribbean is controlled
by eastward motion of the Caribbean plate relative to South America at a
rate of about 20 mm/yr (Mann, 1999; Weber et al., 2001). This eastward
movement began in the late Eocene and was fully established by the late
Oligocene (Malfait and Dinkelman, 1972; Escalona and Mann, 2011; Figure
3). The Barbados Prism developed at the leading edge of the Caribbean plate
because of offscraping of sediments that were previously deposited on the
proto-Caribbean and Atlantic oceanic floor (Escalona and Mann, 2011;
Escalona et al., 2021a, b; Cedefio et al., 2021a). Brown and Westbrook
(1987) subdivided the accretionary prism into four zones based on the
dominant structural style. From east to west these zones are as follows: zone
of initial accretion, zone of stabilization, zone of supra complex basins, and
the Barbados Ridge (Figure 4A). The ridge is characterized by uplift and
westward thrusting of the prism complex over the Tobago Basin (Brown and
Westbrook, 1987). Consequently, it is the topographically highest part of the
prism and is the region along which the island of Barbados is emergent.

10
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Study area and geological setting

Figure 3. Upper Cretaceous paleogeographic map of northern South America.
Dotted lines show the position of the leading edge of the Caribbean plate through
time. Relevant geological provinces are indicated. Deposition of the Barbados-type
source rocks occurred along most of the distal areas of the passive South American
margin. Modified from Escalona et al. (2021a).
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The offshore stratigraphy of the prism is poorly understood due to its
extreme structural complexity. It has been correlated to four
lithostratigraphic units outcropping in the island of Barbados (Barker and
Poole, 1983, Figure 4B). The basal unit is composed of deepwater turbiditic
sand-shale beds called the Scotland Group of late Paleocene to middle
Eocene age (Chaderton, 2055 and 2009; Deville and Mascle, 2012). The
Scotland Group is intruded by paleo diapirs called Joe’s River Formation.
Nannofossils found in the clasts of the formation yielded an age of late
Campanian—early Maastrichtian (Deville and Mascle, 2012). Overlying the
Scotland Group is the Oceanic Formation of middle Eocene to late
Oligocene, which consists of pelagic marl, chalk, and volcanic ashes (Speed
et al., 1989). Pleistocene limestones cap the island of Barbados.

Hill and Schenck (2005) suggested that oil occurrences onshore Barbados
originated from a mid-Cretaceous La Luna-like source, but as of today the
late Paleocene to middle Eocene turbiditic deposits of the Scotland Group
are the oldest drilled sediments. Escalona and Mann (2011) and Cedefio et
al. (2021a) proposed that late Albian-Turonian source rocks deposited on the
Atlantic oceanic floor (i.e., Figure 3) were tectonically incorporated into the
prism during the eastward movement of the Caribbean plate.

2.1.2 Guyana Basin, mid to Upper Cretaceous source rock

The Guyana Basin is located along the passive margin of northeastern South
America — adjacent to the Barbados Prism (Figure 1A and 3). The tectonic
development of the basin started with the Late Triassic—Early Jurassic
north—south rifting and establishment of a first passive margin stage (Figure
5; Erlich and Barrett, 1994; Gouyet et al., 1994; Kean et al., 2007; Yang and
Escalona, 2011a). In the Barremian, South America and Africa commenced
to drift apart, resulting in two conjugate margins (Pindell, 1991; Erlich and
Barrett, 1994; Mann et al., 1995; Nemcok et al., 2015). Passive margin
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sedimentation was reestablished, and the organic-rich Canje Formation
deposited during a long-lived, regional flooding event that lasted from the
late Albian until the Turonian (Lindseth and Beraldo, 1985; Erlich et al.,
2003). The Canje Formation is a black shale with TOC values between 2%
and 15% (Schwarzer and Krabbe, 2009; Yang and Escalona, 2011b; Cedefio
et al., 2021b and c). Organic enrichment and preservation were favored by
upwelling and several Oceanic Anoxic Events (OAE), and restricted water
circulation in the basin (Erlich et al., 2003; Meyers et al., 2006). Early
Cenozoic carbonate shelf deposits unconformably overlay the Upper
Cretaceous clastic sediments (Campbell, 2005). Carbonate deposition
ceased in the middle—late Miocene because of an increase in the clastic
inputs (Yang and Escalona, 2011a).

2.2 Selected areas of the Norwegian Continental
Shelf

2.2.1 Barents Sea, a multi-source rock system

In the Late Devonian-early Carboniferous, crustal extension caused the
initiation of several basins across the western Barents Shelf (Steel &
Worsley 1984; Gudlaugsson et al., 1998). Sedimentation was predominantly
siliciclastic with localized coaly source rock deposition within half grabens
on the Finnmark Platform (Bugge et al. 1995; Ehrenberg et al., 1998; Figure
6). TOC in these coal-bearing strata ranges between 2 and 4 wt.% and Hl
values are overall less that 200mgHC/gTOC (Henriksen et al., 2011a; Ohm
et al., 2008).

A regional sag basin developed over most of the Barents Shelf during the
late Carboniferous-early Permian (Gudlaugsson et al., 1998). Warm-water
carbonate sedimentation took place (Stemmerik et al., 1999) and local
source rocks developed near bioherms (Henriksen et al., 2011a; Figure 6).
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Ohm et al., (2008) reported average TOC and HI values of 2.1% and 200
mgHC/gTOC, respectively. Better source rocks likely deposited in the
western Barents Shelf as Permian carbonate to evaporitic sediments
reportedly charged the Gotha discovery in the Loppa High (Matapour and
Karlsen, 2017; Figure 7A). The Late Permian represents a shift from
carbonate to clastic deposition due to rapid changes in oceanographic
conditions (Stemmerik & Worsley 2005). The late Permian through Triassic
period was tectonically quiet with sedimentation of marine and deltaic
sediments (Faleide et al., 1993; Figure 6). Triassic source rocks deposited
nearby the Svalis Dome (i.e., Steinkobbe Formation, TOC=3.88% and HI=3
68mgHC/gTOC) and Svalbard (i.e., Botneheia Formation; TOC=4.26% and
HI=459mgHC/gTOC,; Abay et al., 2017). Fluvio-deltaic type Il kerogen is
recorded in the Kobbe Formation in Nordkapp Basin and Bjarmaland
Platform.

In the Late Jurassic-Early Cretaceous, renewed extension and high global
eustatic sea levels caused flooding and deposition of organic rich sediments
over most of the Barents shelf (Figure 6; Sund et al., 1986; Berglund et al.,
1986; Faleide et al., 1993; Gernigon et al., 2014; Serck et al., 2017; Rojo et
al., 2019; Kairanov et al., 2021). These sediments are collectively known as
the Hekkingen Formation, which in turn is subdivided into a basal, shale-
rich member and an overlying siltier member. TOC values are typically
higher in the basal Alge Member (i.e., >7%) relative to the overlying Krill
Member but both units record HI values that oscillate between 30 and 450
mgHC/gTOC (Ohm et al., 2008; Henriksen et al., 2011a; Abay et al., 2017).
Across the southwestern Barents Shelf, long-term Cenozoic uplift associated
to the opening of the North Atlantic has resulted in net erosion that varies
from 0 to more than 3000m (Riis, 1996; Cavanagh et al., 2006; Henriksen et
al., 2011b).
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Figure 6. Stratigraphic chart illustrating the main lithologies in the Hammerfest
Basin, Bjarmeland Platform, Nordkapp Basin, and Finnmark Platform of the
Norwegian Barents Sea. The main structural events and source rocks described in
the text are annotated. Modified from Ohm et al., (2008).
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fact pages and Skarstein et al., (2022).
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2.2.2 North Sea, Upper Jurassic source rocks

The North Sea is a post-Caledonian graben system (Fearseth, 1996). The
present-day structural setting developed during two major extensional
phases in the Permo-Triassic and the middle Jurassic-Early Cretaceous
(Ziegler, 1992; Figure 8), followed by thermal cooling and subsidence
(Badley et al., 1988, Ferseth, 1996). The Middle Jurassic to Early
Cretaceous rift phase represents a change from fluvio-deltaic to deep marine
depositional environments resulting from a major marine transgression
(Ngttvedt et al., 1995; Mannie et al., 2014). During this period, organically
enriched clays were deposited. These sediments constitute the Kimmeridge
Clay in the UK sector and equivalent Mandal, Draupne, and Tau formations
in the Norwegian Sector (Figures 7 and 8; Gautier, 2005;). The Mandal and
Tau formations in the southern part of the Norwegian sector record TOC and
HI values oscillating between 2 to 13% and 350 to 800 mgHC/gTOC,
respectively (Petersen et al., 2013; Ritter et al., 1987). Goff (1983) and
Thomas et al. (1985) documented TOC values of up to 12 wt.% and HI of
up to 600 mg HC/g for the Draupne Formation in the Viking Graben.
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Figure 8. Stratigraphic chart illustrating
the main lithologies in the Central North
Sea, Norwegian-Danish Basin, Southern
Viking Graben, Tamper Spur, and Horda
Platform in the Norwegian North Sea.
The main structural events and source
rocks described in the text are annotated.
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State of the art

3. State of the art

3.1 Stable carbon isotopes as organofacies
parameter

Stable carbon isotope compositions (reported as 8'°C) represent the
deviation from the $3C/*2C ratio of the standard carbonate-carbon in the Pee
Dee Belemnite expressed in units per mill %o (Urey et al., 1951). Since the
early times of petroleum geochemistry, many workers have considered oil
isotope variability to result from changes in the character of the organic
precursors that contributed to the source. Craig (1953), Silverman and
Epstein (1958), Hunt (1970), Tissot and Welte (1978), and Rogers (1980)
suggested that oils sourced by terrestrial-rich organofacies are isotopically
lighter than marine sourced oils. Yeh and Epstein (1981) contradicted that
view because they studied marine derived oils that are isotopically lighter
than terrestrial derived oils. Sofer (1984) developed an interpretation scheme
for discriminating between terrestrial-sourced oils from marine-source oils.
He argued that the differences in isotopic compositions between terrestrial
and marine-sourced oils do not manifest themselves in the absolute 6**C
values of a single fraction but in the relationship between the aromatic and
saturate fractions. To understand the possible reasons behind the reported
contradictions, it is pertinent to review the multiple processes that have the
potential to modify the §*C of sedimentary organic matter in a source rock
during sedimentation, diagenesis, and thermal maturation.

3.1.1 The journey of organic matter from sedimentation to
petroleum

Galimov (1980 and 2006) explained that the 5'3C signature of sedimentary
organic carbon accumulated in a potential source rock results from a
complex interaction of factors. In short, the $*C of the organic matter
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available for transformation into petroleum depends on its original §*C
value and on the isotopic, naturally-occurring fractionation affecting the
organic matter during formation, sedimentation, and diagenetic evolution.

Galimov (1980) documented that in natural systems there exists a
thermodynamically ordered intra- and intermolecular carbon isotope
distribution prompted exclusively by biosynthesis. If the biological isotope
effects are thermodynamically ordered, the carbon isotopes will be regulated
between and within biomolecules. Such a process is governed by the
thermodynamic isotope exchange properties of each molecule, known as the
R-factor. The larger the value of the factor, the greater the concentration of
the heavy °C isotope is. Because the R-factor is temperature-dependent, the
513C of organisms also depends on the temperature of the biosynthesis.
During formation of the organisms and subsequent chemical evolution (i.e.,
life cycle, early diagenesis), removal of functional groups with 3C enriched
carbon like formyl or carboxyl leads to enrichment of the organic matters in
the light *2C isotope. Conversely, elimination of methoxy or methyl groups
results in organic matter enriched in the heavier C isotope.

Marine plants are enriched in the heavier *C relative to land plants. A
similar isotopic trend is also observed when shifting depositional facies from
marine to proximal (Galimov et al., 1998; Galimov, 2004 and 2006). The
313C values of planktonic species decrease with increasing water depth and
latitude (i.e. -18%o to -20%o in the equator to -23%o to -26%. in high latitudes)
in response to isotopically lighter CO2 with depth and higher CO2 solubility
in colder waters, respectively (Calvert and Fontugne, 1987; Freeman et al.,
1994; Rau et al., 1989). The §*3C of intact organic particles reaching the
bottom is closely similar to that of their biological source (Kodina et al.,
1994, 1996; Galimov, 1995). Galimov (2006) argued that the §**C of land-
derived organic carbon has remained relatively similar through geological
time, but that of marine organic carbon has progressively become enriched
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in light 12C towards present time. Thus, marine organic carbon older than
Oligocene is overall isotopically lighter than the terrestrial-derived carbon.

During diagenesis, several processes mediated by the action of aerobic and
anaerobic microbes act together and result in sedimentary organic matter
with a remarkably different §*3C relative to the original biomass (Harvey et
al., 1995; Freudenthal et al., 2002; Lehmann et al., 2002; Galimov 2006).
Three main processes act together and partially outweigh each other: isotope
fractionation during the initial break-down of complex organic compounds,
selective preservation of isotopically different fractions of organic matter,
and bacterial biosynthesis (Lehmann et al., 2002). The overall decrease in
the 5'°C of the bulk organic matter during diagenetic alteration is in the range
of 0 to 2 %o relative to the initial value of the accumulated biomass
(Freudenthal et al., 2002; Lehmann et al., 2002; Galimov 2006; Figure 9).
This change depends essentially on the balance between heavier *3C isotope
enrichment caused by degradation of labile compounds and simultaneous
lighter isotope increase due to selective preservation of resistant **C-
depleted organic compounds (Freudenthal et al., 2002). Diagenetic
fractionation of specific components like proteins and carbohydrates
proceeds through pathways that are greater in magnitude and different in the
direction of isotope shifts with respect to the host organic matter (Harvey et
al.,, 1995; Galimov 2006). Chemically resistant components such as
algaenans (i.e., sporopollenin in dinoflagellate cysts), spores, and higher
plant leaf cutans may eventually preserve their chemical structures
(Skopintsev, 1981; Freudenthal et al., 2002; Lehmann et al., 2002)

In anoxic environments, the accumulated organic matter can be additionally
depleted in heavier 3C due to the contribution of chemosynthetic bacteria,
whose isotope fractionation is greater than that of photosynthetic bacteria by
4-6%o (Ruby et al., 1987). In environments with sulfate reduction, carbon
isotope fractionation varies in magnitude and direction according to the
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from Lehmann et al., (2002).
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sulfate-reducing bacterial community oxidizing acetate and its different
metabolic pathways (Londry Des Marais, 2003; Habicht and Canfield, 2003,
Goevert and Conrad , 2008).

Thermal maturation of the organic materials causes its enrichment in 13C,
leading to an isotopically heavier (i.e., 1 to 2%o) residue due to the kinetic
isotope effect (Figure 10; Chung and Sackett; 1979; Galimov, 1980; Peters
etal., 1981; Galimov and Simoneit 1982; Lewan, 1983; Tocque et al., 2005).
Therefore, the expelled hydrocarbon products are isotopically lighter
relative to the source material: the lower the molecular weight of the
generated hydrocarbon products, the isotopically lighter they become.
Simultaneously, the expelled products are enriched in the heavier *C with
increasing maturity (Lewan, 1983; Tocque et al., 2005).

Andrusevich et al. (1998) used the §'3C of the saturate fraction of oils and
recognized a systematic enrichment in *C of oils with decreasing geologic
age, which is overall independent of source rock type (i.e., organic matter
and lithology). This fortified the findings by Stahl, (1977), Grizzle et al.
(1979), and Chung et al. (1992).

3.1.2 Carbon isotopes in the Norwegian Continental Shelf

Karlsen et al. (1995) and Karlsen and Skeie (2006) associated the westwards
shift from heavier to lighter whole oil isotopes in the Haltenbanken Terrace
with a change from terrestrially dominated kerogens to more algal-bacterial-
amorphous kerogens. Odden et al. (2002) found that kerogen pyrolysates
from marine shales of the Spekk Formation possess 53C values lighter than
pyrolysates from the coaly shales of the Are Formation. These observations
imply that a positive feedback exists between lighter isotopes and marine
kerogens in the Norwegian North Sea.
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Figure 10. Simplified scheme for carbon isotopic fractionation of kerogen
pyrolysis products. Modified from Toque et al., (2005).

In the Norwegian Barents Sea, Ohm et al. (2008) presented a detailed
organic geochemical evaluation of oils and source rocks and implemented
the age approach of Andrusevich et al. (1998) to date various oil tribes. They
proposed that the isotopically heaviest oils (i.e., overall heavier than 29%)
originated from the Upper Jurassic Hekkingen Formation, oils with §'°C
lightest values (i.e., overall lighter than 30%o) originated from Upper
Paleozoic sources, and those with intermediate §'C values originated from
Triassic sources.

3.2 Oil and source rock kinetics

The kinetic behavior of naturally occurring kerogens depends essentially on
two main factors: the character of the primary biomass and the diagenetic
incorporation of sulfur (Tegelaar and Noble, 1994; di Primio and Horsfield,
1996). Inherently, varying proportions of aquatic (i.e., marine or lacustrine)
and terrestrial macerals in most sources invokes heterogeneity in kerogen
kinetic stability (Tegelaar and Noble, 1994).

The first of the two factors dictates the initial kinetic diversity, and,
importantly, the gross composition of generated petroleum (Demaison and
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Moore, 1980; di Primio and Horsfield, 2006). Tegelaar and Noble (1994)
presented a discussion on Kinetic reactions as a function of kerogen
composition using analyzes for 70+ source rock samples from different
depositional environments and ages. They explained that kinetic parameters
only poorly correlate with hydrogen indexes because chemical
characteristics fail to adequately reflect the molecular make-up of kerogen.
They found that Py-GC and a set of derived diagnostic indices provide a
more accurate view of the kerogen composition and determined a number of
end-member kerogen types, each with their own distinctive Kkinetic
properties. These findings provide a means of inverting pyrolysates
composition to kinetics of source rocks, which sets a precedent for the work
in this study.

Many workers have taken interest and discussed the effects of kerogen types
on the kinetic reactions of petroleum generation adopting hydrogen indexes
as the only kerogen diagnostic. This has resulted in the recognition of
distinctive activation energy distributions for different sedimentary
environments (Braun et al., 1991; Hartwig et al., 2012; Ziegs, 2013; Abbasi
et al.,, 2014 and 2016). Petersen et al. (2010) expanded their view and
documented the relationship between kinetic measurements (i.e., activation
energies distribution and frequency factors) and maceral compositions using
a global set of type I /I-11 source rocks (Figure 11). di Primio et al. (2000)
studied the kinetic properties of petroleum asphaltenes and the structural
similarity of asphaltenes to the parent kerogen. They concluded that the
kinetic of petroleum asphaltenes can assist in determining the temperature
of the actual source rock at the time of expulsion of the analyzed oil. This
work and Petersen’s et al. 2010 also go directly to the issue of relating
maceral compositions and oils to kinetic properties in this research.

The second factor, namely diagenetic sulfurization of the organic matter,
causes a reduction in kerogen stability, resulting in kerogen decomposition

27



State of the art

Green River (Lacustrine) Kukersite (Marine)
80 3 - 5 _ -1
0 A=25810"" 4 A=10510"
60 35
30
50 55
S840 220
30 15
20 10
10] 5
0 0
40 45 50 55 60 65 70 40 45 50 55 60 65 70
Rundle (Brakish) Messel (Zerrestrial)
40, 5 20 — 5
35 A=3.1010"s" 18 A=17510"s
30
25
3220
15
10
5
0

Figure 11. Activation energy distributions (Ea) and frequency factors (A) of four
representative source rocks. Modified from Petersen et al., (2010).
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under less intense thermal stress (Orr, 1986; di Primio and Horsfield, 1996).
The generation of petroleum at relatively low levels of maturity is ascribed
to the preferential cleavage of weak sulphur-sulphur and carbon-sulfur
bonds (Orr, 1986). This phenomena is known to preferentially occur in
carbonate-rich environments where reactive detrital iron is scarce and
reduced sulfide is plentiful (Benner 1984; di Primio and Horsfield, 1996).
Results presented in this study, however, indicate that incorporation of sulfur
into the organic matter network can also occur in oxygen-deprived, clastic
source rock systems lacking detrital iron.

3.3 Selected biomarkers in source rock age and
lithology determinations

3.3.1 Selected biomarkers as lithofacies parameters

Tricyclic terpanes are ubiquitous in source rocks and oils from a wide variety
of geological ages and depositional environments (Aquino Neto et al., 1982
and 1983; Moldowan et al., 1983; De Grande et al., 1993; Zumberge 1987;
Tao et al., 2015). Therefore, they are routinely trusted for predicting
lithological source rock characteristics. The diagram plotting the C24/Czs
tricyclic terpane ratio as a function of the Cz2/Czx1 tricyclic terpane ratio (after
Peters et al., 2005; Figure 12A) is perhaps the most common approach using
these markers for lithology assessment. The C27 Ts and Tm norhopanes are
probably as widespread in crude oils as tricyclic terpanes. Their ratio (i.e.,
Ts/Ts+Tm) can be used in tandem with the abundance of rearranged steranes
relative to regular steranes (i.e., diasteranes /diasteranes + steranes) to define
source rock lithology (Seifert and Moldowan, 1978; McKirdy et al., 1983;
Mello et al., 1988).
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upwelling in the source rock sedimentary environment.

30



State of the art

3.3.2 Extended tricyclic terpanes in oil geochemistry

The biological source and precursor molecule of the extended tricyclic
terpane series (i.e., C27 - Css; ETR) remains poorly understood with the
potential to occur in multiple biological sources (Liyanage et al., 2019;
Peters et al., 2005). Consequently, their interpretations in oil geochemistry
can be ambiguous - as is the case in this study. In the Norwegian Barents
Sea, ETR have been traditionally exploited as an age-sensitive parameter to
discriminate between Jurassic and pre-Jurassic oils. The age determination
potential of ETR does not enjoy much contemporary support in the
southeastern Caribbean-Atlantic margin where ETR are associated with
mid-Cretaceous upwelling conditions.

3.3.2.1 ETR as age-sensitive parameters

Holba et al. (2001) recognized elevated concentrations of ETR relative to
hopanes in many Triassic marine sourced oils whereas Middle and Late
Jurassic marine oils are depleted in these compounds. They proposed the
ratio of the extended tricyclic doublets for Czs and C29 over Ts (i.e., ETRRrH)
to discriminate between the mentioned ages. The coincidental development
of oceanographic conditions and the consequences of global mass
extinctions, which may have had an impact on the principal biological
sources of tricyclic terpanes, are suggested as the explanation for high
ETRru values (i.e. > 2) in the Triassic marine sourced oils. It is worth
noticing that most Triassic oils enriched in ETR in their original study derive
from high paleo-latitudes, i.e. Barents Sea (Norway), Alberta and Sverdrup
basins (Canada), and Alaskan North Slope.

In the Norwegian Barents Sea, Ohm et al. (2008) separated oils originating
in the Upper Jurassic Hekkingen Formation from Triassic and Paleozoic
sourced oils on the basis of the ETRrn (i.e. Goliath oil in Figure 2A).
Although some of their age determinations are supported by the work of
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Matapour and Karlsen (2017), the authors highlighted that ETR in the
Barents Sea could also be influenced by facies and maturity rather than being
strictly age diagnostic. Similarly, they concluded that the abundance of ETR
in some of the studied oils may be altered by varying degrees of intra-
reservoir mixing.

3.3.2.2 ETR as upwelling-diagnostic parameters

Holba et al. (2003) described a connection between oils originating from
source rocks accumulated near strong or persistent upwelling conditions and
the relative abundance of ETR. Zumberge et al. (2007) observed an
exceptionally strong relationship between upwelling sites predicted by
oceanographic models and the occurrence of Late Cretaceous source rocks
and oils with distinctive terpane distributions. Using a variation of the ratio
to estimate upwelling (i.e., Tricyclic C2s S+R /Ca27 Ts), they showed that the
Upper Cretaceous La Luna Formation and its regional equivalents (i.e.
Querecual, Naparima Hill, and Canje) of northwestern South America were
deposited under varying upwelling intensities (Figure 12B). Therefore, the
generated oils possess distinctively high Cz6/Ts ratio values (i.e., > 2). Such
diagnostic characteristic should also be manifest as high C2s and Cazg
extended tricyclic doublets as noted by Holba. Erlich at al., (2003) predicted
strong upwelling environments across the northeastern corner of South
America, including the Barbados Accretionary Prism and the Guyana Basin.
Source rocks deposited in epicontinental basinal or semi-closed settings
such as the Upper Cretaceous Tuscaloosa and Eagle Ford display
considerably lower values for Cz6/Ts (i.e., < 1.5) (Zumberge et., 2007 and
2016).
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4. Data and methods

The data used in this study comprises source rocks and oils analyzed using
several standard petroleum geochemical methods. The majority of the data
was acquired through the Jurassic-Lower Cretaceous Basin Studies of the
Artic  (JuLoCrA; https://wp.ux.uis.no/julocra/) and Conjugate Basins
Tectonics and Hydrocarbons (CBTH; http://cbth.uh.edu/) consortia for the
purpose of this study. Data in Paper Ill, which | coauthor, belongs to the
Paleozoic Basins project (PABAS; https://wp.ux.uis.no/pabas/). Table 1
summarizes all analyses acquired for this study organized by paper.

All geochemical analyses were performed by Applied Petroleum
Technologies (https://www.apt-int.com/) and follow the Norwegian
Industry Guide to Organic Geochemical Analyses - NIGOGA (Weiss et al.,
2000). The flow chart in Figure 13 summarizes the analytical techniques
used in this study. The petrographic analyses were conducted by an external
contractor from the RPS Group (https://www.rpsgroup.com/), namely
Thomas Demchuck. Detailed description of the chemical analytical methods
and petrographic workflows are presented in Appendix I.

Analysis Paper | Paper Il Paper 111 Paper 1V Paper V
TOC 320 320 35
Rock-Eval 320 320 35
Maceral 320 320 35
Source Rock Isotopes 140 15
Py-GC 15
Kinetic 15
MSSV 5
Extract GC-MS 15 4
API 15
Sulfur wt.% 15
Oil GC/ GC-MS 291 7 15
Qil Isotopes 29! 11 15

Table 1. Geochemical and petrographic

discriminated by paper.
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Figure 13. Flow chart of the geochemical analytical methods employed in this
study.

4.1 Sourcerocks

Sample material was collected from the Norwegian Petroleum Directorate
(NPD) well repository in Stavanger, Norway. Thirty and fourteen oil wells
were sampled for the Norwegian Barents (Figure 14A) and North Sea-PaBas
(Figure 14B) studies, respectively. In addition, sediments from five shallow
stratigraphic wells (i.e., IKU now SINTEF https://www.sintef.no/en/) were
included for the Barents Sea study. Wells were chosen to cover the study
areas as extensively as possible. The sampled intervals were selected based
on the stratigraphic boundaries as defined by the NPD and preexisting
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geochemical studies from well completion reports. Sample selection was
designed to ensure regular sampling intervals and prioritize core material
over cuttings.

For Papers | and I11, source rocks were subjected to Rock-Eval, TOC, and
petrographic organic and inorganic analyses (Table 1). Selected source rocks
were extracted and analyzed for stable carbon isotopes of the saturate,
aromatic, and asphaltene (i.e. SARA) fractions. Open and closed-system
pyrolysis techniques (i.e., pyrolysis-gas chromatography Py-GC, bulk
kinetics, microscale sealed vessel pyrolysis MSSV) were used to investigate
the generative potential of selected samples with distinctively different
maceral assemblages in Paper II.

Fifteen source rock extracts with known maceral assemblages were
submitted for molecular analyses. Py-GC and bulk kinetic analytical data
were acquired for nine representative samples. This data is included in the
chapter 6 of this thesis with the purpose of enhancing the discussion on
geochemical inversion, but it is not published in the papers due to
confidentiality restrictions.

4.2 Crude oils and oil-stained samples

For Paper I11, twenty-nine crude oils were provided by the NPD (Table 1).
Samples come from different producing wells and reservoirs. These oils, as
well as those in papers IV and V, were subjected to molecular and isotopic
analyses. Additional analytical data for 91 oils was retrieved from the Diskos
database for broader coverage of the Norwegian North Sea (Paper IlI).
Likewise, oil analytical data for selected samples from the GeoMark’s
(https://geomarkresearch.com/) Gulf of Mexico data base is utilized for
testing the isotope findings in this study.
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Figure 14. A. Map of the southwestern Barents Sea displaying the wells used in
this study. B. Map of the northern North Sea illustrating the location of sampled
wells and the different Kimmeridge Clay Formation equivalents. CG=Central
Graben, JH=Jeeren High, EB=Egersund Basin, UH=Utsira High, @FC=@ygarden
Fault Complex, VG=Viking Graben, SB=Stord Basin, TS=Tampen Spur,
HP=Horda Platform.
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For Paper IV, six crude oils were sampled from the wellheads of different
producing wells within the Woodbourne field onshore Barbados (Figure
15A). The samples were taken from different reservoir units and depths
within the Scotland Group (Figure 4B). In addition, an active oil seep
(Figure 16A) and four oil-saturated sands were collected from the Shale
Quarry in the northern part of the island (Figure 15A). At this location,
semisolid bitumen occurs in isolated beds and stains as seen from ongoing
leakage through severely deformed sediments (Figure 16B).

For Paper V, fifteen heavy oils from onshore Suriname wells were provided
by Staatsolie (https://www.staatsolie.com/) in sealed glass bottles (Figure
16C). Nine oil samples were collected from the heads of various producing
wells in the Tambaredjo (four oils), Calcutta (two oils), and Tambaredjo
Northwest (three oils) fields (Figure 15B). These samples were produced
from different clastic reservoirs of the Cenozoic age according to Staatsolie.
The remaining six oils were sampled from exploration wells within the Weg
Naar Zee (two oils), Uitkijk (two oils), Commewijne (one oil), and Coronie
(one oil) exploration blocks. These oils were recovered from both the
Cenozoic and Upper Cretaceous sand-rich formations during drillstem tests.
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Figure 16. Active oil seep (A) and semi-solid bitumen (B) in severely deformed
sediments of the Scotland Group at the Shale Quarry, northern Barbados Island.
C. Black, heavy oil samples in sealed glasses from onshore Suriname.
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5. Summary of Papers

5.1 Paper |. Upper Jurassic to Lower Cretaceous
source rocks in the Norwegian Barents Sea, part I:
Organic geochemical, petrographic, and
paleogeographic investigations

Paper | provides a subregional to regional characterization of organofacies
changes within the Hekkingen Formation in relationship to
paleoenvironmental and paleogeographic conditions (Figure 17). To serve
such purpose, this paper integrates various geochemical and petrographic
analyses with paleogeographic models.

The Hekkingen Formation is subdivided into two units: the Alge and Krill
members. The proportion of terrestrially derived macerals was found to be
higher in the Krill Member relative to the underlying Alge Member (Figure
17). There is a greater proportion of marine macerals within distal areas of
the Hammerfest Basin and well 7218/1-S in the southern Bjgrngyrenna Fault
Complex. This shift in the relative proportion of marine and terrestrial
macerals is ascribed to changes in the location of the depositional sites with
respect to the sources of the terrestrial materials.

The Alge Member features the highest levels of total organic carbon (TOC
>7 wt %), but the more discrete and organically poorer beds of the Krill
Member still remain sufficiently rich to be considered petroleum source
rocks (TOC >2 wt %). In immature to marginally mature (i.e., Tmax <
435°C) localities, the entire formation records hydrogen indices (HI)
between 50 and 400 mg HC/g TOC, indicating that both members, upon
maturation, can generate oil and gas. These low to moderate HI values are
indicative Type Il to I1-111 kerogens and are generally consistent with the
high proportions of terrestrial macerals. Prior to thermal maturation, marine
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type 1I kerogens (i.e. > 400 mgHC/gTOC) probably existed in the marine
liptinite-rich rocks in the distal Hammerfest Basin and Bjgrngyrenna Fault
Complex. At least three factors are interpreted to have controlled the
detected variability in geochemical parameters: dilution rates of organic
matter, varying inputs of terrestrial versus marine organic matter, and the
degree of preservation.

Pyrite contents and carbon isotopes of source rock extracts suggest that the
degree of anoxia and bacterial sulfate reduction decreased gradually from
south to north. This zonation in redox conditions is more prominent in the
Alge Member. Importantly, this paper found a poor correlation between
stable carbon isotopes of the saturate, aromatic and asphaltene (i.e., SARA)
fractions and maceral compositions (Figure 18) and tentatively explained it
as the result of varying degrees of bacterial sulfate reduction.

5.2 Paper Il. Upper Jurassic to Lower Cretaceous
source rocks in the Norwegian Barents Sea, part
[I: insights from open- and closed-system
pyrolysis experiments

Paper 1l builds on Paper | and evaluates the petroleum generation potential
of the Hekkingen Formation using bulk and quantitative pyrolysis analysis.
Fifteen thermally-immature samples with differing organic facies were
selected for total organic carbon, Rock-Eval pyrolysis, pyrolysis gas
chromatography, bulk kinetics, and micro-scale sealed vessel pyrolysis
analyses. The results were employed to characterize differences in source
rock kerogens, gross petroleum type, and the compositional evolution of the
generated fluids as well as their physical properties (i.e. gas to oil ratio,
saturation pressure, and formation volume factor) as a function of increasing
maturity.

41



Summary of Papers

Na00:0L

m_.n__momm Hu00:0T

glieq,
J12us samo [ s
gy sauu [ AT

susodac] moj AlARID _H_ i

[LITEEENT I

puadag

anundy aupe [
anundry jernsauay [
anuau [

anutn [

puadag

Ha00:5T

|

m;o.?nw

NNO.‘ODOL

aurepy doagy l

Jaus sano [T

Jious ouuy [

swusodaq mo Aaeany [
[LIELERTS I

puaday

aqundryaumew [ |
anuydi ewsanar [T
ayupaaug [

anun [

puadag

42



Summary of Papers

Figure 17. Paleogeographic maps of the southwestern Barents Sea illustrating the
variability in sedimentary environments within the Alge (A) and Krill (B) members.
The paleogeographic maps are modified from Marin et al., (2020). The pie
diagrams represent the average (i.e., per well) maceral compositions calculated
from the microscopic analysis. Refer to Figure 1 in Paper | for abbreviations of
geological provinces.
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Heterogeneity in the kerogen mix resulted in different orders of kinetic
stability (Figure 19A), with the predicted onset of petroleum generation
spread over a relatively high and wide temperature range from 123°C to
144°C (at 3.3C%Ma). This temperature range equates to a difference of up to
700 m of burial if a thermal gradient of 30°C is assumed. Reduced kerogen
stability associated with elevated sulfur contents is documented in a few
samples.

The majority of the analyzed samples possess the potential to generate low
GOR oils of an intermediate to aromatic, low wax paraffinic-naphthenic-
aromatic (P-N-A) composition and variable amounts of wet gas (Figure
19B). Petroleums of similar compositional and physical properties are
predicted to have been generated from the natural maturation sequence of
various organic facies in thermally mature areas of the Hammerfest Basin
and the Ringvassgy-Loppa High and Bjegrngyrenna fault complexes.
Vitrinite-rich sources in the Fingerdjupet Sub-basin and the Troms-
Finnmark Fault Complex have potential for gas and condensate generation.

Finally, this paper utilizes the mapping of organic matter changes in Paper |
and produces a map that illustrates the variation in kinetic properties and
predicted petroleum types generated from the natural maturation series of
various organic facies across the southwestern Barents Sea.

5.3 Paper lll. Facies Variations in the Upper Jurassic
Source Rocks of the Norwegian North Sea: From
Micro to Macro Scale (Skarstein et al., 2022)

Paper I11 collects Upper Jurassic source rock samples from fourteen wells
across the northern North Sea, including samples from the British and
Norwegian Central Graben, Ling Depression, Egersund Basin, Viking
Graben, Tampen Spur, and Horda Platform areas (Figure 14B). The samples
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were analysed for organic richness and generation potential (i.e., TOC and
Rock-Eval), carbon isotopes, and maceral and mineral content
(petrography). Subsequently, the results were integrated to produce a holistic
organofacies interpretation. The overall maceral composition was found to
be consistent with Rock-Eval and isotope data.

In addition, the isotopic and biomarker composition of 120 oils distributed
across the North Sea was utilized for organofacies assessment of the parental
source and subsequent comparison with the observed source rock variability.
Most importantly, this work found that carbon isotopes of both source rock
extracts (Figure 20A) and oils (Figure 20B) become progressively heavier
with increasing terrestrial detritus as per maceral and biomarker
compositions, respectively.

Integration of all available data in a map (Figure 21) suggests generation
from more oxic and terrestrially influenced organofacies in the southern part
of the Central Graben, North Viking Graben and Horda Platform areas, and
comparatively more anoxic and marine in the northern part of the Central
Graben and South Viking Graben areas.

5.4 Paper IV. Barbados Petroleum and Its Role in
Understanding Distribution of Cretaceous Source
Rocks in the Southeastern Caribbean Margin:
Insights from an Organic Geochemistry Study

In Paper 1V, petroleum from onshore Barbados is analyzed geochemically
and the results are compared to similar analytical data of source rocks and
oils from Venezuela and Trinidad. This work goes directly to the issue of
understanding petroleum sources within the Barbados Accretionary Prism
and complements the work in Cedefio et al. (2021a).
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Figure 21. A. Cross-plot of carbon isotopes of the saturate (5*C SAT) and aromatic
(83C ARO) fractions of oils from the Norwegian North Sea in Skarstein et al.,
(2022). The oil data set was divided into five groups (Gp): Gp 1 has the isotopically
lightest composition while Gp 5 has the isotopically heaviest composition. Gp 1
oils are associated with generation from source rocks enriched in marine organic
inputs. Gp 5 oils are associated with generation from source rocks comparatively
enriched in terrestrial organic inputs. B. Map of the North Sea showing the average
maceral composition of the studied wells and the distribution of studied oils colored
after the grouping in A. Modified from Skarstein et al., (2022).
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Interpretations suggest that petroleum onshore Barbados was derived from
a Cretaceous deep marine shale source rock deposited under oxic-to-dysoxic
conditions with varying contributions of marine and land plant-derived
organic matter. This petroleum can be categorized into two groups. Group
A petroleum was generated and expelled at the early oil window from an
interval of the shale source rock containing predominantly marine organic
matter. By contrast, petroleum in group B was generated at the peak of the
oil window from a more proximal interval of the same source rock
containing comparatively higher input of terrestrial-derived organics. These
observations could imply the existence of the shale source rock at different
maturities within a possible multiple-stacked source rock system in the
prism. Oils in both groups, as well as most oils used for the regional
comparison, display high concentrations of extended tricyclic terpanes (i.e.,
Figure 2B). Hence, this publication argues that the elevated abundance of
extended tricyclic terpanes in the region may be circumstantial evidence to
date empirically Upper Cretaceous-sourced oils.

Our interpretations suggest that reservoirs at the Woodbourne field have
received at least two charges of hydrocarbons recognizable at present day.
A first filling event is interpreted to have charged the reservoirs with the
lower maturity petroleum (group A) after the middle Miocene uplift of the
Barbados Ridge. Qils in reservoirs above 1000 m (3280 ft) depth are
moderately biodegraded, whereas more deeply buried oils are only slightly
biodegraded. The second more recent charge consists exclusively of light
hydrocarbons (n-C3 to n-C9) expelled from the source rock at maturity
levels similar to those determined for group B petroleum. This charging
event is inferred to be triggered by the Pliocene—Pleistocene tectonic event.

Finally, the regional comparison using facies-sensitive biomarkers shows
that Barbados petroleum was sourced by clastic facies similar to those
sourcing petroleum in the northern part of the Eastern Venezuelan Basin,
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Gulf of Paria, and Trinidad (Figure 22). These organic-carbon rich strata
were speculatively incorporated into the western margin of the Barbados
prism during the early stages of accretion (Paleocene—Eocene).

5.5 Paper V. Source Rocks in the Guyana Basin:
Insights from Geochemical Investigation of 15
Heavy Oils from Onshore Suriname

This paper presents an overview of the geochemical composition of 15
heavy oils from producing and exploration wells onshore Suriname aiming
to determine the organic facies generating them. The inferred facies are
integrated with the geologic framework of the Guyana Basin in a two-
dimensional basin model to further assess their thermal history in the shelfal
area of the basin.

Detailed biomarker and carbon isotope geochemistry reveals the existence
of two compositional groups onshore Suriname. Oils produced from
Cenozoic reservoirs (Group A) possess compositional attributes
characteristic of oils generated from a distal marine shale (Figure 12A).
Their composition suggests the Upper Cretaceous shales of the Canje
Formation as their potential source. Group A oils possess varyingly high
abundances of extended tricyclic terpanes with values for the ETRs ratio
(after Holba et al., 2001) oscillating between 1.87 and 3.37 (Figure 2C). In
contrast, Group B oils occur in siliciclastic reservoirs of Late Cretaceous age
and have biomarker relationships diagnostic of oils derived from a proximal
marine depositional system rich in terrestrial organic matter. Uncertainty
exists as to the age and spatial distribution of this organic facies. A Late
Jurassic—Early Cretaceous age is provisionally proposed. It is worth noticing
that the carbon isotope composition of the Group B oils was found to be in
average 3%o heavier than that of the Group A oils (Figure 23).
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Oil-maturity estimates indicate generation from source rocks at the mid-oil
window for all the sample set. 2D Basin modeling suggests that generation
from the Upper Cretaceous (Canje Formation) and Upper Jurassic—Lower
Cretaceous source rock facies started in the early Oligocene. The Upper
Cretaceous clay-rich facies has only transformed 30% of its potential in the
shelf with expulsion starting in the middle Pliocene. Accordingly,
entrapment of Canje-generated oils in the onshore Tambaredjo trapping
structure is suggested to be younger than the middle Pliocene. The Upper
Jurassic—Lower Cretaceous facies in most of the shelf area has nearly
reached peak generation with expulsion commencing in the late Miocene
given the input parameters. In the shelf area, up dip migration of
hydrocarbon expelled from these two organic facies is dominant and
terminates around the onshore Tambaredjo area.

54



Summary of Papers

5"C Aro (%o)

-30

Higher Terrigenous

Mixing =
or Maturity

Higher marine’

Suriname Samples

@® 1 Tamb
A 2 Tamb

| | | |
-29 -28 -27 -26

5"C Sats (%o)

|
-30

-26

Figure 23. Plot of stable carbon isotopes of the saturate (6**C SAT) versus aromatic
fractions (6*C ARO) displaying two distinct populations of samples in the
Suriname data set. Template is after Integrated Geochemical Interpretations.
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6. Discussion

This section highlights the main findings and contributions of this PhD study
to geochemical inversion in terms of: 1 — stable carbon isotopes as
organofacies indicators, 2 - biomarkers for kinetics predictions, and 3 —
pitfalls of selected biomarkers in age and lithofacies determinations.

6.1 Implications for stable carbon isotopes as
organofacies indicators

The composition of stable carbon isotopes (i.e., 5*C) of source rocks and
oils is traditionally assumed to reflect that of the organic matter, and so it is
exploited as a proxy to determine the relative contributions of marine versus
terrestrial organic materials. Isotope analyses of Upper Jurassic source rock
extracts in the Barents Sea and source rock extracts and oils in the North Sea
(Papers I and 111, respectively) contribute to such topic.

In Figure 18, the 83C of the various fractions is plotted as a function of
maceral composition for the Hekkingen Formation data set. The poor
correlation observed fails to reproduce what is expected from
generalizations such as “marine organic materials are isotopically lighter
than terrestrial organics” or vice versa. Paper I interprets this as the result of
diagenetic transformation (i.e., fractionation) of the organic matter possibly
related to varying degrees of sulfate-reducing bacteria under different redox
conditions. This process may have modified the §3C of the various
components of the kerogen mix differently because of varying stabilities,
imparting a “homogenizing” effect that partly obscures the organofacies-
related variability in 83C of the original biomass. The effects of other
altering processes that are not revealed by the methods employed in this
study such as differential aerobic bacterial degradation cannot be discarded.
These modifications of the §'3C result from thermodynamically ordered
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isotope re-distribution within the kerogen network. Paper | thus
demonstrates that after diagenesis the §'C of the organic matter preserved
in the sedimentary record has been modified, setting a “new” post-diagenetic
513C that would be inherited by the generated fluids.

Figure 20A shows a plot similar to that in Figure 18 but for samples from
the Upper Jurassic source rocks of the Norwegian North Sea in Paper Il1.
Opposite to the scenario described in the Hekkingen case, the isotopic
composition of the saturate fraction (i.e., 5:3Csa) is gradually depleted in
lighter 'C (i.e. becomes isotopically heavier) as the content of vitrinitic
macerals increases. Biomarker and isotope data for the North Sea oil data
base in Paper III reveals that progressively heavier 8*Csa values are also
associated with increasing terrestrial organic inputs (Figure 20B) to the
source rock depositional site. The maceral composition of the analyzed
source rocks and §1°C of the oils displayed on a map (Figure 21B) indicate
that the liquids grossly reflect the organic matter composition of the sources.
Marine sourced oils being isotopically lighter than terrestrial-sourced oils
have also been documented in other areas of the Norwegian Continental
Shelf (i.e., Haltenbanken Terrace Karlsen et al., 1995). Paper V also
documents heavy isotope values in oils originating from source rocks
enriched in terrestrial organics, as per biomarker data, in the Guyana Basin
(Figure 23).

In attempt to test if the isotope-organofacies relationship discussed in the
preceding paragraph is universally applicable, this work utilizes a set oils
affiliated to the Paleocene Wilcox Group in the US Gulf of Mexico. This
unit is known to transition from non-marine/transitional to lower slope and
abyssal facies (Pepper et al., 2017). In Figure 24, the §*3C of the saturate and
aromatic fractions of oils acknowledged to have been sourced by the Wilcox
are cross-plotted against tricyclic (A and B) and acyclic isoprenoid (C)
parameters sensitive to organofacies. These cross-plots show that the §*3C
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becomes progressively lighter with increasing terrestrial signatures - a trend
that is essentially opposite to that documented for the North Sea and the
Guyana Basin cases in Papers Il and V, respectively. Increasing thermal
maturation is acknowledged to shift the 5!3C of oils to heavier values (i.e.,
isotopically heavier), and, thus, has the potential to mask organic matter
signatures. Although the impact of maturity is inherent to generation, it does
not appear to be the main factor controlling the 8*3C of the oil data set as
indicated by the weak correlation between §'3Csa and a maturity-diagnostic
parameter in Figure 24D.

Assuming that conditions affecting the isotope composition of carbon in
ancient biospheres are similar to those in today’s biosphere, it is reasonable
to infer that multiple processes must have altered the 5'3C of the sedimentary
organic matter sourcing today’s oil. These complexities and ambiguities
show that the use of generalizations in inverting isotopes to a single attribute
of a source rock, i.e. organofacies, needs to be done with caution because of
the overlapping effect of various primary and secondary factors affecting
organic pools differently. Naturally, this could lead to the marine or
terrestrial character of a given source rock to be overstated.

6.2 Implications for biomarkers in predicting source
rock kinetic properties

The transformation of sedimentary organic matter to hydrocarbons occurs at
different temperatures and rates depending on the liability of the different
components in the kerogen mix (Tissot and Welte, 1978; Tegelaar and
Noble, 1994; Braun et al., 1991; Petersen et al., 2010). Pyrolytic experiments
in Paper Il show vertical and lateral variations in kinetic and petroleum
products as a function of organofacies changes, even when the gross
sedimentary environment remains broadly similar. Figure 19 illustrates that
the thermal stability of the source rock and the generated hydrocarbon blend
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Figure 24. Common organofacies biomarker ratios (A, B, and C) plotted against
stable carbon isotopes of the saturate (5*3C SAT) and aromatic fractions (8°C
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(i.e., saturate rich, aromatic rich, or intermediate composition) relates
closely to its maceral composition. Thus, maceral data could assist in
estimating comparative kinetic of petroleum generation for source rock
samples that have not been subjected to direct kinetic experiments. Elevated
concentrations of sulfur detected in a few pyrolysates suggests that
diagenetic sulfurization of organic matter can also occur in clastic
environments if conditions are viable, most importantly, regardless of the
source rock maceral composition (i.e., Sample L in Figure 19B and Figure
8 in Paper Il). Consequently, early petroleum generation due to thermally
labile sulfur-sulfur and sulfur-carbon bounds can also occur in clastic
sources opposite to conventional wisdom.

Paper I, 11, and 111 prove that within a single source vertical organofacies and
intrinsic Kinetic variations can occur over a few meters. This ubiquitous
heterogeneity cannot be described by bulk and quantitative pyrolysis
analysis of a few samples at different depths; even more closely-spaced
sampling would only partly reproduce such variability. Zumberge et al.
(2016) explained that oils represent an average compositional view of their
sourcing organic matter. Therefore, flash liquids often reflect the
compositional characteristics of their parental sources more efficiently than
do single, or a set of rock extracts. In line with the “averaging perspective”,
Paper Il argues that for a more pragmatic use, the kinetics of petroleum
generation within a heterogenous source could also be modeled as an
average.

A potential tool for inverting oil compositions to their approximate parent
source rock kinetics capitalizes on the above simplifications and exploits the
correlations in Figure 25. It cross-plots biomarker data for the North Sea oil
data base in Paper Ill and corresponding analytical data for selected
sediments extracts with both maceral and kinetic analyses from the Barents
Sea data base in Paper Il. It is intended only as a preliminary review for
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source rock kinetics.

61



Discussion

marine sourced oils and inferences drawn from it must be taken as
probabilistic rather than absolute.

Crude oils exhibiting values > 3 for the Pristane/Phytane (Pr/Ph) and > 2 for
the (Ci19+C20)/(C21+C22) tricyclic terpane (TT) ratios compare most
favorably to extracts from kinetically stable sources (i.e., peaking at 58-61
kcal/mol) enriched in terrestrial plant detritus (i.e., vitrinite and terrestrial
liptinite; Figure 25A). Such organic matter, in turn, implies relatively
oxidizing conditions and proximity of the depositional site to a source of
land-plant remnants, i.e. a proximal marine or coal-bearing delta plain
environments. Although the Surinamese Group B oils (Paper V) lack values
for the Pr/Ph ratio due to degradation, TT ratios in the range of 3.8 to 6.2
suggest inversion to terrestrial-rich, kinetically stable sources (Figure 25B).
In fact, similar kinetic parameters to that resulting from the inversion are
reported for the lower section of the Upper Cretaceous source rock system
modeled in Paper V.

Oils with lower Pr/Ph and TT ratios (i.e., < 2 ) plot most closely similar to
extracts from thermally labile sediments containing predominantly marine
macerals with varying but subordinate terrestrial detritus (Figure 25A).
These sediments show less stable Kkinetic properties with varyingly low
peaking maxima (i.e., peaking at 51-53 kcal/mol) depending on the
proportions of terrestrial inputs. This kerogen mix is interpreted to indicate
sedimentation within mid-distal shelfal environments with normal-marine
redox conditions. Examples of oils with these characteristics are the
Barbadian oils in Paper IV and North Sea oils from blocks 17, 18, and 31
among others (Figure 25B). A large spread in the TT values at similar Pr/Ph
ratios could signify generation from organic matter consisting of distinct
proportions of marine and terrestrial particles deposited under similar redox
conditions. Samples N and O in Figure 25A are examples of differing
organic matter composition (i.e., as per macerals) with similar Pr/Ph ratios.
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These initial results show that further work is needed to refine this tool and
understand what factors underlie variability with greater clarity.

6.3 Implications for the applicability of selected
biomarkers in age and lithology determinations

Unlike other source rock attributes, absolute age is particularly challenging
to invert from oil biomarker compositions. Only in few exceptional cases,
does age impart a distinctive characteristic to oil fingerprints. The principal
influence of age is in the origination, evolution, and extinction of organisms
that constitute the organic matter budget available for sedimentation, burial,
and ultimately transformation to petroleum (Bissada et al., 1993). As a
consequence, biomarker parameters employed to infer source age typically
overlap with those related to lithology, environment, and organic inputs as
discussed in Papers IV and V.

Oils enriched in extended tricyclic terpanes (i.e., ETR) occur in the
Norwegian Barents Sea (Figure 2A). Ohm et al. (2008), using the rationale
in Holba et al. (2001), associated high ETR#r (i.e., > 2) with Triassic and
possibly Paleozoic-aged sources. Interestingly, they also reported extracts
from immature Triassic sources with ETRHr = 0 and potential Triassic oils
with ETRHR < 2. High concentrations of extended tricyclic terpanes also
occur in sources and oils of the southeastern Caribbean-Atlantic margin,
including Barbados and Suriname (Figure 2B and C). If the ETR age concept
of Holba et al. (2001) was universally applicable as it stands, one could
incorrectly conclude that the source of these oils is of Triassic age, not the
Albian-Turonian Canje Formation. In Papers IV and V, such high values are
explained in the context of varyingly high upwelling conditions known to
have occurred in the region (Erlich et al., 2003; Zumberge et al., 2007). The
ambiguity discussed above illustrates that the significance assigned to high
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ETR abundance differs from one geographic location to another, and,
therefore, their universal use needs careful consideration and calibration.

Although extended tricyclic terpanes are not entirely independent of thermal
and bacterial degradation, their enrichment appears to be intimately linked
with changes in sedimentary conditions over a narrow geographic and
stratigraphic range which in turn trigger local changes in the biological
sources of terpanes (Holba et al., 2001 and 2003; Zumberge et al., 2007,
Dutta et al., 2006). Consequently, it is likely that high ETR occur recurrently
when and where the conditions for their sources are viable. High ETR may
thus reflect the approximate timing of the changes rather than being strictly
age deterministic in themselves and may instead be regarded as a facies
diagnostic proxy. Their relative abundance may be interpreted to indicate
the extent of upwelling in the system - if oils are of comparable maturity. It
implies that ETR within a single source, and so that transferred to the
generated oils, can vary considerably, even if the gross organofacies remains
broadly similar.

Mid to Upper Cretaceous-sourced oils from Barbados in Paper 1V exhibit
ETRws values that are overall higher than those in the Suriname oils in Paper
V (i.e., 3.1 - 4.3 and 1.87 - 3.37, respectively; Figure 2B and C). Values
calculated for the ratios proposed in Zumberge et al. (2007) (i.e., C24/C23 and
C26/Ts) for the same oil data set substantiate such difference (Figure 12B).
At the regional level, these varying proportions could signify generation
from facies of the same source deposited under different upwelling
intensities as recognized by Zumberge at al., (2007) — stronger for the facies
sourcing the Barbados oils. Over an area the size of the Norwegian Barents
Sea (Figure 1A and 7A), considerable lateral variations in sedimentary and
upwelling environments during the various periods of source deposition
likely occurred. Thus, it is reasonable to suggest that not all oils expelled
from the Triassic source in the Norwegian Barents Sea, or elsewhere, must
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have ETRur values greater than 2 to be characterized as Triassic - a
reflection similar to that discussed by Ohm et al. (2008). Based on the above
observations, the ETR signature of an oil originating in an upwelled source
rock system would be dependent on the location of its sourcing facies within
the system.

Similarly, biomarkers can “mimic” the fingerprints of a distinctively
different lithology creating inconsistencies between and among biomarkers
inferences and bulk oil attributes. The biomarker character of the Group B
oils onshore Suriname (Paper V) is that of many oils and source rocks
deposited in marl sedimentary systems (Figure 12A); however, their low to
very low sulfur content (i.e. 0.18-0.22 wt.%; Figure 26A) fails to reflect the
higher values expected from the marl biomarker geochemistry and suggest
a clastic source. The high contributions of terrestrial organic inputs also
seems inconsistent with the marine-dominated kerogen observed in marl
depositional systems. In fact, these oils compare most favorably to oils
originating from terrestrial-rich D/E organofacies (Figure 26B and C) in the
tricyclic terpanes profile. These contradictions manifest that some
biomarkers in migrated liquids bear no relation to the source organic
materials, but perhaps originate from secondary alteration of organic
compounds. Regardless of the mechanism (s) driving these inconsistencies,
this study highlights that biomarkers are not universally applicable as well
as the need for holistic geochemical interpretations.
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Figure 26. A. Cross plot of API
gravity versus sulfur weight
percent (S WT%) for the
Suriname data set. Average
API-S WT% trends for marine
clay-poor  organofacies A
(A_of), marine  clay-rich
organofacies B (B_of), and
terrestrial-rich organofacies DE
(DE_of) are displayed for
comparison. B. Tricyclic and
tetracyclic terpane profiles for
an end-member oil originating
from organofacies A, B, and
DE. C. Tricyclic and tetracyclic
terpane profiles of the Suriname
oils compared to organofacies
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6.4 Limitations

Whereas this study has drawn important observations with direct
implications for geochemical inversion in the study areas and elsewhere, it
is important to recognize that there are limitations related to the data set itself
and those that are intrinsic to source rocks and oils under natural subsurface
conditions. Rising awareness of these limitations is crucial for understanding
the applicability of the findings as well as provide the foundations for future
work.

6.4.1 Source rock data

Most wells being preferentially drilled in structural highs limits the ability
to understand syn- and post-sedimentary processes controlling the
development of organically-richer basinal source facies. The lack of such
sampling materials precludes the acquisition of maceral, kinetic, isotope,
and molecular data for true deep-marine facies and their use in the different
proxies discussed in this work. Consequently, source rock attributes
assigned to the distal basinal areas are, at best, estimations based on the
maceral data. In some wells, sampling material was only available every 10-
15 meter with high chances of mixing during drill cuttings recovery.

6.4.2 Oil data

Intermediate to heavy bacterial degradation of oils in the southeastern
Caribbean-Atlantic margin hinders the use of common molecular parameters
such as Pr/Ph, which could provide a broader overview of the whole oil
composition and could complement isotope interpretations.
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7. Recommendations for future work

7.1 Continued work on stable carbon isotopes of oils
as organofacies indicators

Future research can be oriented towards an in-depth assessment of the
influence of diagenetic carbon isotope alteration of the primary biomass in
the ultimate 5'°C of the generated oil. Evaluating the character of the
diagenetic alterations can be performed by complementing source rock
stable carbon isotopes with isotopic studies of sulfur and nitrogen as well as
with inorganic geochemical analysis of trace (i.e., molybdenum, uranium,
vanadium, chromium) and major (i.e., iron, sulfur) elements. Incubation
studies can help simulate various diagenetic scenarios. Subsequent hydrous
pyrolysis of samples with distinct diagenetic histories and maceral
assemblages could provide insight into the 8*C of the generated fluids,
which can, in turn, be related to the source organic components and
compared to the pre- and post-diagenetic 5*C. Such work would provide
valuable supporting information to reappraise more confidently the value of
carbon isotopes in inverting to source rock organofacies.

7.2 Continued work on inverting biomarkers to
source rock kinetics

The preliminary results presented in this study highlight the potential of this
approach, yet extensive work remains to be done. Observations from the data
set used may be directly applicable to marine source rocks but may not be
as directly pertinent to source rocks deposited in other sedimentary
environments. Future research should focus on supplementing the data set
with maceral, Kinetic, and extractions for deep-marine clay-rich, marine
clay-poor, lacustrine clay-poor and clay-rich, and coal source rock end-
members. Source rocks containing bacteria-rich and degraded marine
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organic materials also need to be added. Efforts are also urged to better
understand the overall contribution of the different maceral groups in the
source rock, particularly that of the terrestrial particles, to the generated oil
biomarker composition. Likewise, kinetics of petroleum asphaltenes derived
from known organofacies could valuably contribute because they represent
an average compositional view of the source.

Further work could also be done concerning compositional Microscale
Sealed Vessel pyrolysis experiments for samples that are representative of
the different source rock environments and organic matter mixtures. With
that, the proposed approach could be enhanced to provide information on
the gross relative proportions of liquids and gas in the generated
hydrocarbon blend and its main physicochemical properties.

7.3 Continued work on evaluating extended tricyclic
terpanes

Although the results in this study do not claim universal validity, it is
apparent that extended tricyclic terpanes can be used as an upwelling
diagnostic parameter - a topic that deserves further investigation. Systematic
extraction of sediments from an upwelled source rock system like that
contained in the Albian-Cenomanian-Turonian La Luna Formation of
northern South America would permit studying how the geochemical
attributes of extensively upwelled systems compare to those of more
localized, smaller-scale upwelling systems. That research could also benefit
from analyses of trace (i.e., molybdenum, uranium, vanadium, chromium)
and major (i.e., iron, sulfur) elements as a means of determining sedimentary
conditions. Finally, a similar workflow could be applied to the multiple
source rock intervals in the Norwegian Barents Sea, which would assist in
delineating the contribution of the different sources to the petroleum system.
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8. Conclusions

This work adopted an interdisciplinary approach consisting of isotope,
molecular, pyrolytic, and petrographic analyses to draw observations
concerning the successes and pitfalls of selected geochemical proxies in
inverting oil composition to their parental source rock. The results have
direct implications for understanding source rocks not only in the study areas
but also elsewhere when pertinent data is scarce or absent.

1.

The observed variability in stable carbon isotopes of source rock
extracts and oils does not always correlate with changes in the
proportions of marine and terrestrial organic components. Multiple
fractionation processes acting together during diagenesis alter the
organic components differently. Depending on the intensity,
diagenetic changes may outweigh the isotopic difference between
the original organic components. Consequently, estimating the
contribution of marine and terrestrial organics in the source rock
based solely on stable carbon isotopes is uncertain. Carbon isotopes
are a recommendable tool only if validated by molecular and bulk
parameters.

The thermal stability of a given kerogen mix and the generated
hydrocarbon blend are closely related to the maceral composition.
This allows the maceral assemblage of a source rock to be exploited
as a rapid means of assigning comparative gross kinetic properties to
samples that have not been subjected to direct kinetic experiments.
An exception to this observation occurs if the organic matter has
undergone significant diagenetic sulfurization because the
incorporated sulfur reduces the kerogen thermal stability regardless
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of the maceral composition. Opposite to common wisdom,
sulfurization can also occur in clastic systems.

A preliminary test combining maceral composition, molecular, and
kinetic data for organically different marine source rocks
demonstrates that oil biomarker compositions can be inverted to the
kinetic properties of the source rock facies. Conclusions and
inferences drawn from this approach must be taken as probabilistic
rather than absolute.

Extended tricyclic terpanes are not strictly age deterministic in
themselves as formerly interpreted. Increased concentrations of these
compounds reflect changes in the biological sources of terpanes that
occur at specific locations and times under suitable conditions. Such
conditions are reportedly mediated by strong and persistent
upwelling in the system. Thus, their age-diagnostic potential should
only indicate the approximate timing of changes in the local
sedimentary environment, which may, however, occur recurrently
when and where conditions are viable. It is proposed that extended
tricyclic terpanes could be regarded as a facies diagnostic proxy and
their relative abundance may provide clues as to the extent of
upwelling in the sedimentary system.

Despite occasional ambiguities in their interpretation, stable carbon
isotopes and biomarkers provide valuable supporting information for
inverting source rock facies. Importantly, they need to be calibrated
as their significance may vary from one basin/paleo-latitude to
another. Interpretations should therefore integrate bulk, molecular,
and isotopic data in conjunction with geological observations.
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ABSTRACT
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This study provides a to regional ization of changes within the owo memberz
of the Upper Jurassic to Lower Cretaceous Helikingen Formation (i.e. Alge and Frill) by integrating geochemical
and pet i analysiz with pal hic models.

The gro= kerogen composition of the Heldi jon iz i by i This pre-

ponderance of land-derived particles iz more pronounced in the Frill Member than in the underlying Alge
Member. There iz a greater proportion of marine macerals within diztal areas of the Hammerfest Basin and well
7218/1-5 in the southemn Bjémsyrenna Fault Complex This shift in the relative proportion of marine and
terrestrial macerals is ascribed to changes in the location of the depositional sites with respect to the sources of
the terrestrial materials.

The Alge Member features the highest levels of total organic carbon (TOC =7 wt %), but the more discrete and
organically poorer beds of the Krill Member ztill remain sufficiently rich to be considered petroleum source rocks
(TOC =2 wt %). Hydrogen indices (HI) between 50 and 400 mg HC/g TOC recorded throughout the entire
formation indicate that the kerogen within both members has similar oil and gas generation capabilifies. Theze
low to HI values are indicative of i Type I to II-1 and are i with
the high proportions of terrestrial macerals. Prior to thermal marine type II k (ie < 400
mgHC/gTOC) probably existed in the marine liptiniterich rocks in the distal Hammerfest Basin and
Bjdrng#yrenna Fault Complex. At least three factors lled the detected variability in i
dilution rates of organic marter, varying inputs of terrestrial versus marine organic matter, and the degree of
preservation. The documented variability in organic-rich facies assists in reducing source rock risk in the study
area, but alzo helps explorationists source rock di ion across other shelfal areas.

1. Introduction

During the Late Jurassic, high rates of organic carbon burial and 1 ized by the
petroleum source rock formation were globally widespread (Leith et al |

1993; Elemme, 1994;

2001). Upper Juraszsic deposits of the Hanifa-Arab Formation in the
Arabian-lranian Basin, the Bazhenov Formation in West Siberia, the

of increased accumulation of organic carbon leading to prolific source

rocks (Flemme, 1994). Most of these shale and carbonate umits are

of type 11 organic matter (Elemme,

1994) resulting from a significant rize in global custatic sea level and
L X .

Smackover and Taman formations in the Gulf of Mexico, and the Kim-
meridgian Shale in the Northwestern European Shelf are prime archives

* Corresponding author.
E-muail address: andres.f.cedenomotta@uiz.com (A. Cedeno).

httpe//doi org/10.1016/j marpetgeo. 2021105342

rt and Mchr, 1996; Berner and Eothavala, tablisk: of epi ] seas in i with the
advent of sheletonized plank (Klemme, 1994).
The Helki Formation, stratigraphically equivalent to the Kim-
meridgian Shale, records i ified carbon tuctivity and sedi

tation within a Late Jurassic epeiric zea in the Norwegian Barents Sea
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(Worsley, 2008; Henriksen et al., 201 1a; Marin etal., 2020) (Fig. 1A). As

Marine and Petrolaum Geology 154 (2021) 105342

a unit, it extends from the Tromse Basin northwards into the Bj
Platform (Fig. 1B) and the Svalbard Archipelago, where it iz named the
Agardhfjellet Formation. The Hekkingen Formation consists of a lower
succession (i.c. Alge Member) of black chales featuring the highest total
organic carbon (TOC) values, and an upper succession (Le. Krill Mem-
ber) of siltstones featuring lower TOC values (Dalland et al, 1988; Merk
et al, 1999; Henriksen et al., 201 1a; Georgiev et al, 2017). Rock-Eval
hyvdrogen indices (HI) in both members are ceen to be highly varable
at the scame maturity level (ie. came Tmax in Fig. 2). The documented
wariability in crganic matter quantity and quality suggests that the
Helidkingen Formation is not a k entity and ins varying
pmportums of marine and terrestrial kerogens. This condition implies

hic and p. contrels on d ition of the
sedimentary crganic mam-_r. Az with thiz study, previous geochemical
work, using analogous analytical data has alee decumented source rock
variability within thie formation (Bjorgy et al, 1983; Smelror et al,

2001; Ohm et al, 2008; Henriksen et al, 2011a; Abay et al, 2017;

Helleren et al | 2020)
Rock-Eval and TOC malym thy 1l h to
the total 1al of petrol source rocks and

h 1 and p hi. 1 with pal shic models.

land Through impl thiz 1 1 h, this study ts
the earlier h 1 work that 1 variations in organofacies
within the Helddngen Formation and provides the basis for i

changes in the petroleum generative potential (see Cedesio ct al., 2021).
The latter hac direct implications for prospectivity studies of the
southwestern Barents Sea.

2, Structural and stratigraphic framework

Multiple studiez have recogmized the Middle Jurassic to Early
Cretacecus as a period of renewed tectonic activity in the southwestern
Barents Sea characterized by extensional and strike elip faulting, hal-
okinezis, and uplift of local highs (Sund =t al, 1986; Berghund et al,
19586; Faleide et al, 1993; Gemigon et al., 2014; Serck et al., 2017; Rojo

et al, 2019; Kairanov et al, 2021). Tectonic activity concentrated
mestly aleng loeal to 1 fault l such as
Troms-Fi k, Ring Loppa, Nyel and

Hoop (Fig. 1B). These diachronous fault systems controlled subsidence
of the basins (i.e. H rfest, Tromes, Bjsmey and Fin-
gerdjupet) and uplift of the structural highs (Clark =t al., 2014; Blaich

predicting the nature of thr_lr kerogen Importantly, thiz chemical et al, 2017; Indreveer et al , 2017; Mulrconey et al, 2017; Serck et al,
approach lacks the qualitative information of the organic precursors [1 e 2017; Kairanov et al., 2019; Faleide et al., 2019; Teikalas et al., 2021).
macerals or organic matter type) provided by maceral mi B From the G to the Hol the greater Barents Sea region
analysiz and disregardz the inorganic aspccts of the sedi matrix. il 1i dez of uplift and erosion (Riiz, 1996; Dore
The purpose of thiz paper is to ct bregional to ional et al , 2000; Cavanagh et al, 2006; Henriksen et al, 2011b). The com-

mganofxms wvariations within \‘J!c H:klungen Formahon in relationship
to 1 and by integrating

A

Oxfordian-Kimmeridgian
157 Ma

bmcdefﬁcdxofﬂxop:mngoftheﬁﬂanhcam])\rhcmcmandﬂx
al 1 cyclez have resulted in net

N

TN

T
WUTE

Flg. 1. A. Paleogeographic location of the Barents Sea within the
2016). B. Map of the Barents Sea di: the main

Shelf at the Oxfordi. p Project; Scotese,

and wellz used in this study. BP= Bjarmeland Platform, HFC= Hoop Fault

Complex. MB = Maud Bazin, MH = Mercurius High, NB= Nordkapp Bazin, EFP = eastern Finnmark Platform, ND= Norvarg Dome, 5G= Swaen Graben, SD= Samson

Dome, F5B= Fingerdjupet Sub-basin, BB= Bjs#ms#ya Basin, BFC= Bj#meya Fault Complex, PSP= Polhem Sub-platform, LH =
Central High, RLFC = Ringvassay-Loppa Fault Complex, TB = Tromsg Basin, FP= Finnmark Platform, TFFC = Troms—

Complex, HB= Hammerfest Basin, CH=
Finnmark Fault Complex.
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Loppa High, NFC= Nyzleppen Fault
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Fig. 2. Hydrogen index (HI) versus Tmax Rock-Eval (Tmax) plot of samples from the Heklingen Formation. Samples from thiz study and from the IGI (Integrated
‘Geochemical Interpretations) database are plotted. Maturation pathwaysz for the three main kerogen types are chown after Cornford (1995). Samples are color-coded

based on

B (For of the
erosion values varying from 0 to mere than 3000 m (Faleide et al. | 1984;
Riez and Fjeldskaar, 1992; Johansen et al, 1992; Knies et al, 2009;
Henriksen et al, 2011b).

During the Late Jurassie, most of the Barents Sea chelf was flooded,
and deposition was controlled by regional transgression and gradual
landwards migration of the chorelines (Henrilzen et al., 201 1a; Marin
etal, 2020). The Late Jurassic is known to be a period of global eustatic
sea level rise and high burial rates of organic carbon in the oceans
(Schlanger and Jenkyns, 1976; Weissert et al, 1979; Leith et al,, 1993;
Elemme, 1994; Weissert and Mohr, 1996; Georgiev et al, 2017).

Several aspects of Late Jurassic geological and oceanographic con-
ditions are manifest in the sedimentary record of the Barents Sea. The
Oxfordian marks a clear lithological shift from the silty-mudstones and
marls of the Fuglen Formation to the organic-rich shales of the Hek-
kingen Formation (Dalland et al., 1988; Myirk et al., 1999; Smelror etal,,
2001; Henriksen et al, 201 1a). A widespread middle Oxfordian hiatus i=
known to record thiz mineralogical shift (Bugge <t al, 2002; Smelror
et al_, 2001; Wierzbowsli and Smelror, 2020). Contiguous units on the
Russian shelf include the Bazhenov Formation in the South Barents Sea,
Timan Pechora, and West Siberian basins (Grace and Hart, 1986; Gav-
shin and Zakharowv, 1996; Henriksen et al, 2011a).

The Heliingen Formation consists of two members according to the
TOC content and well log character: the Alge Member and the overlying
Krill Member (Fiz. ). Biostratigraphically controlled age dates indicate

94

to color in this figure legend, the reader iz referred to the Web verzion of this article.)

a Late Oxfordian? To late Kimmeridgian age for the Alge Member and a
Kimmeridgian to Ryazanian age for the Erill Member (Dalland =t al |
1988; Georgiev et al., 2017; Merk et al, 1999; Smelror et al., 2001).
Costa and Davey (1992) and Smelror and Below (1993) argued that the
Alge rocks in the Polhem Sub-platform are slightly older, spanning from
Callovian to early Kimmeridgian. The boundary between these two units
is interpreted as diachronous (Leith et al |, 1993; Marin et al., 2020), i.e.
its age and stratigraphic position may vary acroes the different structural
provinces. The top of the Hekkingen Formation is informally known as
the Base Cretaceous Unconformity, a hiatus ranging in age from Kim-
meridgian to early Barremian (z\.rhu:. 1991; Bugge et al., 2002; Marin
et al, 2018; Wierzbowski and Smelror, 2020).

The Alge Member is composed of black shale and typically displays
high gamma ray (GR) values (Fiz. 3). Geochemical and elemental
analysis chow that this member contains the highest levels of TOC (Ohm
et al, 2008; Henrikeen et al, 2011a; Abay et al, 2017). The Alge
Member varies in thicknesz from 185 m (well 7129/8-1-) in the
Bjsmgyrenna Fault Complex to around 35 m in the Hammerfest Basin
(Megck et al., 1999; Marin et al , 2020). Localized sand injectites and thin
turbiditic sandstone have been described along the boundary between
the Hammerfest Basin and the Bjgmeyrenna Fault Complex and in the
Bisirngtya Basin (Dalland et al, 1988; Myrk et al, 1999; Smelror et al.,
2001; Bugge et al, 2002; Henriksen et al_, 2011a; Helleren et al,, 2020).
Mark et al., (1999) interpret the Alge Member to have been laid down
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Fig. 3. Typical gamma ray (GR) log of the Hekkingen Formation at well 7122/2-1 displaying source rock analytical data (ie. TOC, Tmax, HI). Mineral and maceral

compositions of studied samples at different depths are also shown.

within a shelf environment with anoxic bottom water conditions. Hel-
leren et al., (2020) recognize short phases of more oxygenated bottom
water during deposition of thiz member.

The Erill Member consists of silt, silty shales, and very fine sand.
Total organic carbon values within this member are diminiched relative
to the underlying Alge Member (Mgrk ot al | 1999; Ohm et al, 2008;
Henriksen et al, 2011a; Abay et al., 2017). The thickness of the Krill
Member varies considerably across the Barents Sea, from more than 600
m within the Bjgmgyrenna Fault Complex to virtually sheent in some
wells of the Hammerfest Basin (Marin ¢ al., 2020). Depocition of thiz
unit iz interpreted to have occurred in a wide range of water depth
cenditions ranging from shallow shelf to possibly deep marine svslr_ms
(Mairk et al., 1999; Marin et al, 2020). Variations in palect

Mjgrmnir impact (Gudlaugezon, 1993; Tsikalas et al
2004).

1999; Dypvik et al,

3. Materials and methods
3.1. Thickness maps

The thickness map for each of the members waz built uzing publicly
available well log data retrieved from the Diskos data base (NPD, 2021).
To caleul v rates, a li 1 d ion pm-
cess was carried out using the Sclater-Christie equation ¢#(z) = e
whmﬂz}uﬂmpmmtyalanydepﬂ!, g 15 the depositional pomsltv of

conditions and thickness of the Krill Member were controlled by wide-
spread tectonic activity (Marin ¢ al., 2020). Around the buried Mjglnir
crater, the Upper Volgian-Ryazanian Ragnarck Formation and the Sin-
dre Bed consist of breccias, pebbles, sand, and mud ejected by the

95

alithology, ¢ is the porosity depth cocfficient (km 1), and = is depth (m).
dx,valucs were adopted from the North Sea study by Sclater and Christie
(1980). The chale-rich sediments of the Alge Member were assigned a iy
= 0.63, whereas a lower value of 0.56 (an average between sand o =
0.49 and shale ¢y = 0.63) wazs assigned to the siltier sediments of the
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Frill Member. The cton curves employed to back-calculate initial 50 objective) in immersion oil. White- and UV-light was provided by
thick are idered to be an ial rel hip as defined snXCltelZOLEDLu;htwume Point-counts were conducted using a
by Selater and Christic (1980). All present-day depths were 1to point-counter attached to the ctage of the Zeiss
account for the Late Cretaceous-Holocene erocion using the 1 Axio-Gi . Az Iz and lz were identified under the croes-

map of net erosion by Henrikezen ot al. (20110b).
3.2, Sample material

The rock material used in this rezearch includes a total of 320 con-

hairs in Lh: field of view, data were captured using propristary soft-
ware: once the petrographer made a count, the computer and motorized
stage would then automatically move step-wise to a new, random field
of view. Three-hundred counts of macerals and minerals were made for
each ssmple If there was insufficient organic matter after the 300

wentional core and drilling cutting samples from 35 oil and str
(ie. IKU Stratigraphic Drilling Projects) wells located across the south-
western Barents Sea (Fig. 1; Table 1). Sample material was collected
from the Norwegian Petroleum Directorate (NPD) and the SINTEF well
repositories in and Trondheim, Norway, respecti
sampled intervals were selected bazed on the stratigraphic boundariez of
the Heklkingsn Formation az defined by the NPD and preexisting
geochemical studies from well completion reporte. Sample selection was
dezigned to ensure regular sampling intervals and prieritize core ma-
terial over cuttings.

3.3. Chemical analyzes

All samples deseribed in section 3.2, were divided into subsets; one
zample subset for organic geochemical studies (i.e. TOC, Rock-Eval, and
isotope analysiz) and the other sample subset for microscopy (i.e.
organic and inorganic compenents). For geochemical analyzis, all sam-
ples were mechanically ground to powder. A split of the powdered
sample was treated with hydrechloric acid to remove carbonate min-
erals and combusted in a LECO 5C-632 oven. The amount of carbon in
the sample was measured as carbon dioxide by an [R-detector. A second
zplit of the powdered sample waz pyrolyzed using a Rock-Eval 6 in-
strument, allowing direct measurement of free hydrocarbons (51),
remaining hydrocarben generative potential (5], carbon dicxide (CO2)
content produced during thermal cracking (53], and temperature of 52
maxima (Tmay)- The pyrolyzis programme started at 300 “C (held for 3
min) and mmszx:d to 650 “C (held fm'Omln) at‘..S C/min.

The portion of selected p ples was used for
measuring the carbon isotopic composlhcm (onC} of thc saturate, aro-

counts, wa until 100 total counts of organic matter
were collected. The lution of the iz 1 pm (=1 pm).
4. Results
tively. The
4.1. Thickness map and whole rock constituents

4.1.1. The Alge member
The thldmcz:s mxp of the Alge Member chows that sediments accu-
ally within d 1 blocks of the Bjgmpyrenna
Fault Complex (Fiz. 4A). Decompaction cstimations for the 165 m chale-
rich succeszion in well 7219/8-1 & vield an initial thicknesses of roughly
430 m, which squates to sedi icn rates of itely 56 m per
million years (m/Ma). An average decompacted thicknesses of 55 m is
estimated for most of the Hammerfest Basin, whereas a slightly higher
average thickness of 60 m is calculated for the southern portion of the
Bjarmeland Platform, the Nordkapp Basin, and the eastern Finnmark
Platform. These figures imply sedimentary rates of roughly 11 and 12
m/Ma, respectively.

The average whole rock composition (Le. per well) of the Alge
Member congists of, in descending order, clay, sand, organic particles (i
e macerals and solid bitumen), pyrite, and carbonate grains (Table 1).
The clay content varies between 31 % and 64 % and the quartz content
between 9 and 50 %. The relative abundance of sand increases in the
eastern margin of the Hi rfest Bazin, the Nyzleppen Fault Complex,
the eastern Finnmark Platform, and around the Norvarg Dome (Fig. 4A).
The total content of macerals ranges between 6 and 18 %, while the
content of solid bitumen ranges from 5 to 26 % (Table 1), The average
pyrite content, in the form of frambeids, typically accounts for less than

matic, and asphaltens (ie. SARA) fractions. lzol of the ex
organic matter (EOM) was performed using a Soxtee Tecator instrument.
Thimbles were pre-extracted in dichloromethane with 7 % (vol/vol)
methanol, 10 min beiling and 20 min rinzing. The sample was weighed
accu.ratelym\‘hc pre-extracted thimbles and boiled for 1 h and rinsed for
2hin Iy 80 cc of dichl hane with 7 % (vol/wol)
methanel. Copper blades activated in concentrated hydrochloric acid
were added to the extraction cups to cause free sulfur to react with the
copper.

For deasphaltening, extracts were evaporated almost to dryness
befors a small amount of dichloromethane (3 times the amount of EOM)
was added. Pentane was added in excess (40 times the veolume of EOM
and dichloromethane) and the solution was stored forat least 12hina
dark place before the solution was filtered or centrifuged and the weight
of the asphaltenez measured. The deasphaltened samples were then
loaded into an automatic zampler and placed in a combustion reactor
(Thermo Fisher Scientific Elemental Analyzer) held at 1020 “C. The
produced water was trapped on Magnesium Perchlorate. COs was
separated by column and flashed into Delta V Plus Isotope Ratio Mass
Spectrometer (IRMS, Thermo Fisher Scientific) via Conflo IV.

3.4. Petrographic analyzes

The sample zubset for microscopy was crushed and sieved through a
16-mesh zieve, and then embedded in thermoplastic epoxy in 2.54 em
molds. The pellets were ground and polished according to ASTM stan-
dards (ASTM, 2011). All samples were investigated under both white-
and UV-light using a Zeiss Axio-Scope Al at 500x (10x eyepicce, and
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10 %, but lly reach up to 18 % in individual samples.

4.1.2. The Krill Member

The thickness map of the Krill Member (Fig. 4B) reveals that the
fault-controlled depocenter in the southern end of the Bjgmeyrenna
Fault Complex continued to be active during the sedimentation of the
Erill Member. A present-day thickness of up to 680 m in well 7219/8-1 5
tranzlates into roughly 1300 m of decompacted sediments, indicating
cedimentation rates of up to 130 n:v’My Another major north-cast-south-
west oriented d ing up to 310 m of sadi-
mentzs, developed along the Troms-Finnmark Fault Complex and
extended over the southern half of the H: fest Basin D
of this succession yields an initial thickness of 540 m, implying a sedi-
mentary rate of 54 m/My. The remaining western and northern areas of
the Hammerfest Basin chow a present-day average thickness of 40 m,
which equates to a decompacted thicknesses of nearly 70 m and to a
sedimentary rate of 7 m/My. Across the southern Bjarmeland Platform,
the Krill Member exhibitz an average thickness of about 35 m. This
suggests that initial aceumulation of over 55 m of eclastic detritus
occurred at a rate of around & m.-’M\u

fi v rates 1 in the study are only appr
mate partly because of poor age control and partly because some of the
wells used in this study were drilled in or around structural highs, where
sedimentary units are thinner or eroded, or both. The Krill Member, for
examplc is knownbohavebcmpsrﬂyermlcd atleaz:tlocn].l\u by\‘hc
led Base Cret: Either

could be advocated to explain the absence of the I\n]l Member in the
Mordkapp Basin and the adjacent eastern Finnmark Platform.
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Table 1
Well i ‘whole rock ‘maceral composition, and bulk source rock geochemical dara (i.e. total organic carbon = TOC; hydrogen index = HI, Tmax
Rock Eval = Tmax) of the studied wells diseriminated by member. Composition and source rock data average values for each well. Maceral
compositions are shown in i NP=F i member iz not prezent. Refer to Fig. | for iati of ical provi -
Well name Oeo. province  Alge member
Whaole rock constituentz Normalised maceral composition % TOC Rock-Eval
% Clay % Quart= % Pyrite % Carbonates % Macesak % Bitumen Marine Lip Temreslip Inestinite  Vitinite TOC (wt %)
7018/5-U-1 TFFC 60 9 1z 1 B 11 1 1 65 7
7018/5-U-2 TFFC 51 10 3 3 7 11 32 ] 35 1z
7019/1-1 RLFC 43 b 10 o 13 45 13 16 26 9
7119/12-1 RLFC 46 25 1z 1 9 30 18 19 33 9
712012 HB 41 20 1z o 16 25 60 4 7 9
7120/10-1 HB 60 14 8 2 B 5 23 14 58 9
7120/12-1 HB 35 26 10 4 11 19 45 6 30 10
7120/2-2 HB 54 18 8 o 7 42 n 17 20 11
TI120/23 5 HB 37 16 17 1 18 41 43 7 9 11
T120/6-3 5 HB NP NP NP NP NP NP NP NP NP NP
T120/5-3 HB 54 1 11 o 10 35 15 19 31 1z
7120/9-2 HB 31 30 11 o 13 62 9 9 20 10
TI121/42 HB 35 14 186 3 13 69 7 7 186 10
7121/9-1 HB 40 32 9 1 12 7 25 el 10 3z 9
T122/2-1 HB 46 20 8 1 15 11 41 48 5 5 11
T122/41 HB 4“4 12 1z 3 10 18 45 9 an 25 10
12262 HB 50 12 9 1 10 19 11 57 an 31 12
TIZ3/41 A HB 41 36 1 o 11 11 31 35 12 4 11
T124/31 NPC 22 48 8 o B 14 36 24 3 31 7
7125/1-1 NPC 14 7 2 g 26 o 32 25 16 26 13
T131/41 RFC 25 50 6 o 7 10 4 “ 2% 26 9
7219/81 5 BPC 42 20 7 2 11 17 53 13 20 14 7
722052 PP 4“4 41 5 o 5 4 25 el 10 30 4
T224/6-1 ND 64 15 6 o 6 10 6 33 17 4“4 11
7224,7-1 M NP NP NP NP NP NP NP NP NP NP NP
7225/31 ND 40 38 7 o 6 9 7 13 20 61 9
T226,2-1 50 45 31 2 o 7 12 10 35 31 4 8
722753 NB 52 12 7 1 B 20 7 43 14 17 1z
7228/11-1 EFP 45 23 7 1 7 15 6 42 16 35 11
7231/1-U-1 NB 45 22 4 1 7 18 14 7 20 19 11
7321,7-1 FsB 45 26 7 1 5 17 5 4 ] 67 9
T321/5-1 FsB NP NP NP NP NP NP NP NP NP NP NP
7321,/9-1 FsB NP NP NP NP NP NP NP NP NP NP NP
T324/5-1 MH NP NP NP NP NP NP NP NP NP NP NP
T430,10-U-1 BP 47 18 4 1 14 16 2 42 12 4 13

Compositicnally, clay iz the dominant constituent of the Erill
Member in most of the F fest Bazin and the Loppa and
Troms-Finnmark fault complexes with volume percentages of around 40
% or higher (Table 1; Fig. 4B). This clay-dominated composition con-

organic matter, the computed regreszion line for the dataset yields a
roughly 2:1 relationship of the volume percentage of organics to the
weight percentage of TOC (Scheidt and Littke, 1989).

The maceral analyeis from kerogen microscopy indicates that both

trasts with the significantly higher quartz content in the d west
of the Central High that reaches up to 89 %. In the most northemly parts
of the Hammerfest Basin, the Fingerdjupet Sub-basin, and the Bjarme-
land Platform, quartz iz the predominant constituent. Similar pro-
portions of clay and quartz particles occur in the Bjgmpyrenna Fault
Complex. Total maceral content varies between 2 and 10 % whereas
solid bitumen typically shows lower values than in the Alge Member,
varying between 1 and 10 3 (Table 1). Pyrite rarely constitutes 10 % of
the whole rock.

4.2, Visual kerogen analysiz

Under incident light microscopy, most of the organic materials (i.e.
macerals + solid bitumen) in the studied samples appear to be recog-
nizable as particles larger than the lution of the mi 1e.>1

1: contain proportions of terrestrial maecerals, ie.
vitrinite and terrestrial-derived liptinites (Figz. & and 7; Table 1). Par-
ticles of vitrodetrinite and primary vitrinite constitute the bulk of the
witrinite group (Fiz. A and B), but the relative abundance of the former
iz commeonly triple that of the later. The terrestrial liptinite sub-group
comprises mainly particles of sporinite, occasional cutinite, and rarely
occurring resinite (Fiz. 6G and H). Colonial alginite, also included in the
terrestrial liptinite sub-group, corresponds to debris of lacustrine or
shallow marine colonial algae of which Botryecoccus is the most repre-
sentative (Fig. 6E). The marine liptinite sub-group consists mainly of
alginite particles (ie. lamalginit ites, dinoflagellates; Fig. 6F);
locally, fluorescing amerphinite occurs as the dominant marine maceral.
Importantly, the compesition of the various kerogen groupe in samples
of the Alge Member are overall similar to these in the Krill Member
samples. Thiz impliez that sedimentary organic matter in the two

pm. Thiz is substantiated by a correlation of the volume p of

bers derived ially from the same kinds of organizmes, and that

organics to the weight percentage of total organic carbon (TOC) in
Fig. 3. As expected in the abzence of large amounts of submicroscopic

no signifi or permanent changes occurred in the biota sourcing the
organic matter during Alge and Erill times. The difference in the relative
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Alge member Eirill member
TOC/ Rock-Bral Whole rock constitnents Normalized maceral composition % TOC Rack-Bval
HI imgHGC Trmax L] L] L] % % % Marine Terrea Inertinite Vitrinite TOC (wt HI (mgHC/ Tmax
gTOC) (] Clay  (Quar=  Pymite  Carbomates  Macerak  Biumen Lip Lip gTOC) (=i}
117 416 54 28 5 1 7 5 12 28 7 53 3 128 426
181 a7 54 21 il 2 5 10 7 24 8 61 5 127 419
122 “9 43 41 5 o 3 3 = 15 11 40 4 132 450
113 452 56 26 9 o 4 4 19 12 16 52 3 172 445
203 432 5 89 4 o 2 o L] 11 3 oo 1 m 435
154 418 42 32 9 1 10 & 12 30 9 49 5 200 422
266 423 41 34 12 1 7 & 9 52 16 22 6 321 425
175 Ealid 59 16 il o 9 3 24 42 14 21 4 199 445
260 434 NP NP NP NP NP NP NP NP NP NP NP NP NP
NP NP 13 71 6 1 7 2 41 9 L] 4“4 2 257 359
183 434 63 17 il o 7 4 7 42 8 43 4 183 439
407 434 9 72 10 o & 4 4 32 11 54 6 257 432
188 445 64 14 7 2 El 4 15 33 5 48 E 154 445
280 432 41 40 6 1 9 3 2% 36 3 35 4 301 433
265 4“0 28 64 4 o 2 2 4 20 5 71 2 133 440
203 452 62 17 9 o 7 5 2% 35 12 7 4 226 441
72 434 63 17 6 o 3 5 5 7 13 40 5 257 435
261 434 11 81 1 1 5 1 4 30 24 43 2 190 436
295 422 14 70 4 o 10 1 Ll 62 1 19 4 191 430
315 423 NP NP NP NP NP NP NP NP NP NP NP NP NP
361 322 NP NP NP NP NP NP NP NP NP NP NP NP NP
12 514 38 33 6 2 15 & 70 3 7 20 3 71 357
328 428 NP NP NP NP NP NP NP NP NP NP NP NP NP
238 423 43 49 3 o 4 1 o 17 36 47 4 293 427
NP NP 39 29 9 2 12 9 P 45 9 18 3 290 424
250 421 NP NP NP NP NP NP NP NP NP NP NP NP NP
191 421 23 72 1 o 4 1 1 10 2% 62 3 254 426
238 405 NP NP NP NP NP NP NP NP NP NP NP NP NP
373 422 NP NP NP NP NP NP NP NP NP NP NP NP NP
162 407 NP NP NP NP NP NP NP NP NP NP NP NP NP
61 -7 NP NP NP NP NP NP NP NP NP NP NP NP NP
NP NP 30 53 7 o 4 & 4 12 15 69 3 174 445
NP NP 29 52 il 1 & 4 2% 25 11 38 3 224 444
NP NP 13 76 4 o 3 3 19 22 o 26 2 298 256
366 a7 NP NP NP NP NP NP NP NP NP NP NP NP NP

abundance of macerals groups iz aseribed instead to changes in the
location of the depositional sites with respect to the sources of the
terrestrial materiale.

4.2.]. Northern areas: Bjarmeland and eastern Finnmark platforms and
Nordkapp Basin

7 shows the general distribution of the maceral groups acroes the
study area. High concentrations of vitrinitic and terrestrial liptinitic
macerals are characteriztic of the Alge Member samples in the southern
Bjarmeland and eastern Finnmark platforms (Figs. 7A and 2D). Iner-
tinite iz the next most abundant maceral and marine liptinitic particles
are only of subordinate abundance (ie. <10 %; Table 1). The overlying
Krill Member iz virtually depleted of marine debris with only localized
occurrences in the Sameon Dome and the area between the Maud Basin
and the Hoop Fault Complex (Figz. 78 and 2D). The Alge Member in the
eastern Finnmark Platform iz, compared with the southern Bjarmeland,
richer in terrestrial liptinites. The maceral composition of the Alge
samples within the Nordkapp Basin is slightly enriched in marine lip-
tinites relative to the surrounding platforms (Fig. 7A).
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4.2.2. Central-southern areas: Hammerfest Basin, Ringvassgy-Loppa and
Troms-Finnmark fault complexes

The Alge Member along the south t-north-cast b v of the
Finnmark Platform exhibitz varying maceral assemblages owverall
dominated by land-derived particles (Fiz. 7A; Table 1). The organic
fraction in the scuthemn portion of this boundary, i.e. Troms-Finnmark
Fault Complex and the southern end of the Hammerfest Basin, consists
mostly of vitrinites and terrestrial liptinitez (Fiz. 94). The content of
inertinites rarely exceeds 15 % and only trace amounts of marine lip-
tinitez ocecur. Stratigraphically equival 1i in the eastern
Hammerfest Bazin (Fig. 9B) and northwards in the Nysleppen Fault
Complex show a higher content of liptinitic material (Fig. 7A). Never-
theless, the Alge Member in the Nysleppen Fault Complex i= richer in
marine liptinites than it iz in the eastern and northeastern Hammerfest
Bagin. The amount of marine Iz i iderably in the
central and western areas of the F fest Basin and i ly in
the Ringvassey-Loppa Fault Complex (Fige. 7A and 9C-D; Table 1). The
average content (1.e. per well) of marine liptinites commonly exceeds 30
% and reaches distinetively high values of up to 65 % in the central parts
of the Hammerfest Basin. Vitrinitic material constitutes the main
terrestrial input and only rarely exceads 25 %. Grains of finely dissem-
inated alginite dominate the marine organie fraction. Only in the wells
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Flg. 4. Thickness maps of the Alge (A) and Krill (B) The pie di the average (i.e. per well) whole rock compositions calculated from the
i ic analyses. A ing labels the average volume percentage of macerals in the whole rock. See Table | for the plotted values.
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from the Ringvassgy-Loppa Fault Complex and the southernmeost well in
central Hammerfest does amorphinite predominates over alginite. Alge
Member shales from areas of the Hammerfest Basin adjeining the Loppa
High record an increased content of terrestrial liptinites (Figz. 3 and 7A).
In thiz case, the land-derived liptinitic fraction has lesz sporinite and
cutinite than in most other localities and consists lomi Iy of

Marine and Petoleum Geology 134 (2021) 105342

owning to a systematic deerease in organic matter sedimentation, poor
preservation conditions, and selective preservation of hydrogen poor
particles.

The generative potential of thermally immature samples (e.g. Tmax
<435 °C) can be assessed based on the hydrogen index (HI). This
is the result of 52 divided by TOC (Le. 52/TOC x 100). In

colonial alginite (Fiz. GE).

Rocks of the Erill Member in the Hammerfest Bazin and the Ring-
wasspy-Loppa High and Nysleppen fault complexes record higher pro-
portions of vitrinite and terrestrial liptinite relative to the underlying
Alge Member (Figs. 7B and 9). This condition causes the westwards
inerease in marine particles obeerved in the Alge Member rocks of the
Hammerfest Basin to be less proncunced and restricted to fewer central-
western localities. Remarkably high vitrinite contents (i.e. > 70 %) are
alzo detected in some sitez neighboring the Loppa High (Fig. 3).

4.2.3. Western areas: Bjgrnegyrenna Fault Complex and Fingerdjupet Sub-
bazin
Marine-derived liptinitez predominate over terrestrial macerals in
the southern end of the Bjgrnsyrenna Fault Complex, accounting for up
to 70 % of the average maccral composition in the overlying Frill
Member (Figs. 7 and SA). The marine organic fraction is predominantly
posed of lar and finely di inated £ amorphinite,
opposite to the high alginite inputs detected in most of the Hammerfest
Basin. Northwards, the overall character of the kerogen in the Alge
Member changes substantially and terrestrial macerals make up to 70 %
of the organic fraction in the boundary between the Bigmgyrenna Fault
Complex and the Polhem Sub-platform (Figz. 7A and SB).
The compesition of the organic matter within both members in the
1i Sub-basin iz sall

western sites of the the same
(Fig. 7). Vitrinite predominates and makez up to 70 % of the organic
matter fraction (Fig. 5C). The next most abundant maceral is inertinite.
Omly few terrestrial liptinitez are found while marine liptinitez are

Fig. 10, the majority of the HI values are in the range of 50 and 450
mgHC/gTOC, indicating that the kerogen within both members has
comparable oil and gas generation capabilitiez.

4.3.2 lationzhips between geoch I and petrographic data

Because of the high percentage of particles visible under the micro-
scope (Le. Fig. 5), the maceral composition iz expected to be refl 1by
bulk geochemical parameters (Le. TOC and HI). A diagram of Hl as a
function of the relative abundanee of liptinites (marine + terrestrial)
provides the basis for ing geochemical and petr hic data. In
Fiz. 11, there seems to be an overall positive correlation between HI and
increazing contents of liptinites. Alge Member samples from the eastern
Finnmark Platform show higher HI values than other samples containing
comparable amounts of liptinites (Fig. 11A). Accordingly, thiz area re-
cords some of the most oil prone source rocks (ic. among immature
samplez) az defined by average HI values of 373 and 387 mg HC/g TOC
(Fiz. 7A), which are typically associated with Type [I/11l kerogens. Alge
samples from the Polhem Sub-platform also display HI values that are
slightly higher than other samples with compositionally similar kerogen
assemblages. An average Hl value of 328 mg HC/g TOC in well 7220/5-2
is indicative of type II-1ll kerogen in this area.

The highest average (Le. per well) TOC levels, Le. 13 %, are recorded
for the Alge Member rocks at the boundary between the Bjarmeland
Platform and the Nysleppen Fault Complex and in the Northern Bjar-
meland Platform (Fig. 7; Table 1). Average Hl values of 315 and 366 mg
HGC/g TOC were computed for these two areas, respectively, which

the of kerogen type 1I/11

nearly absent. Liptinitic particles increase to nearly 50 % within the Krill
Member in the eastern part of the sub-bazin (Fiz. 7B). Marine and
terrestrial liptinites occur in approximately equal abund

4.3, Source rock generative potential

4.2.]. TOC and Rock-Bval pyrolyziz

TOC data for the Helddngen Formation chows values from 0.45 to 24
wt % (Fig. 5). The distibution of TOC in a 65 m Hekkingen core is

licplayed in Fiz. 3 and d ates some of the stratigraphic attributes
previously deseribed. There iz a sudden downwards increase in TOC to
walues > 7 wt %, which iz, in most cases, coincident with the top of the
discussed GR deflection. TOC values between & and 12 wt % are pre-
lomi within the Ily richer Alge Member. The fine-grained

sediments in the Polhem Sub-platform (Fig. SB) are an exception to
this lization because TOC are lower than 7 %, but bio-
stratigraphically controlled ages confirm they were laid down during
Alge imes (Le. Callovian to early Kimmeridgian; Costa and Davey,
1992; Smelror and Below, 1993).

Total organic carbon contents within the Krill Member are dimin-
ished relative to the underlying Alge Member but are still sufficiently
high to be considered petroleum souree rocks (Le. =2 wt %; Zumberge
etal, 2012, Fige. 7-10). Values between 2 and 5 wt % occur more often.
Organic-rich intervals alternate with only modestly enriched intervals,
revealing the oscillatory nature of crganic carbon sedimentation within
the Krill Member (Fig. 3). This attribute of the Krill Member reflects a
more discrete distribution of the organic matter when compared to the
more consistent distribution ebserved throughout the Alge Member. It is
noteworthy to highlight that some wells, particularly in the southern
areas of the Bjarmaland Platform (Fig. 1), were drilled in or adjacent to
structural highs, some of which are known to have been topographically
higher during sedi of the Helld Formation. TOC and HI
valucs led in these locations probably represent mi

valucs

Some Alge samples in the Nordkapp Basin poesess moderately high
TOC levels paired with HI values that are lower than expected from the
overall TOC-HI relationships in Fig. 10A. Such low HI values also seem
to be inconsistent with the relatively high content of liptinites in these
samples (Fig. 11A). This discrepancy can be interpreted ac reflecting
oxidation or bacterial reworling of the organic matter, or both, leading
to the formation of hydrogen-lean type 11l kerogen, which are at best
only gas-prone. Early generation is ruled out as a possible cause because
of the low Tmax values of 410 “C measured in these zamples (Table 1).
The Alge and Krill members contain mostly a mixed type [[1/1] kerogen
(Le. 200 to 300 mgHC/gTOC) across the southern Nordkapp Basin and
the adjacent southern Bjarmeland Platform (ie. Norvarg and Samson
domes, Swaen Graben, Hoop Fault Complex). Thiz only modest gener-
ative potential appears to be consistent with the predominance of
terrestrial organic particles.

In the southern end of the Hammerfest Basin and in the adjacent
Troms-Finnmark Fault Complex, both the Alge and Krill members have
average Hl values generally less than 200 mg HC/g TOC (Figs. 7 and
9A). Thiz might have been anticipated because of the high concentra-
tions of humic kerogen of a vitrinitic nature. Hydrogen-poor, type 111
kerogen also occurs within Erill Member sediments deposited in the
northeastern corner of the Hammerfest Basin (Le. average HI 190
mgHC/gTOC) and the neighboring Nyeleppen Fault Complex (ie. HI
191 mgHC/gTOC) (Fiz. 7B). Along the eastern margin of the Hammer-
fest Bazin, the Alge Member dizplays average TOC values ranging from 9
to 13 %; and the Krill Member chows lower average values ranging from
4 to & wt % (Fiz. 7). The preferential accumulation of land-derived
organic particles iz reflected in only mederate Hl wvalues spanning
from 260 to 280 mg HC/g TOC and from 287 to 321 mgHC/gTOC,
respectively.

4.3.3. Estimation: of initial generative potential in thermally mature areas
Hydrogen indices in the central and western arcas of the Hammerfest
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Ta”
(Bot)

Fig. 6. i hs of ive maceral types in the dataset taken at 500X magnification. A and B. Photos in white-light of vitrinite maceral, and
vitrodetrinite (Vi), within a mineral matrix mostly of quartz. Vitrodetrinite particles are those defined as being smaller than 10y in size. Photo A: well
7120/1-2 at 1912m; Photo B: well 7119/12-1 at 2511 m. C and D. Photos in white-light of granular solid bitumen (SB) illustrating dark grey to light grey reflectance.
Solid bitumen is differengared from in-situ vitrinite by its granular and lower (darker grey color). Photo C: well 7119/12-1 at 2595
m,PhowDwd.!7lZO/”-"ax"M4m.EPhotomUVhghzofu]algmmmacenl(’?a)mm:smmnukuymshkecoloma.lalgae.Noudmﬁeamuyedgesofm
Wmaemmedmmmmmnﬂm i low ity. Well 7120/2-3 S at 2005.93 m. F. Photo in UV-light of
(Layil the i nature of the ing organic matter. Well71’0/"-353("005%mG'memWhWOfmnrscmasponmu(Sp)
lndusemmncsdteﬂuomngmamahshklvwnsmalpdlmWel.l7l.0/‘"»3$az.1)0593m.H.PhonomUthhtof ing material, most i
cutinite (Cu) which are the fluorescing cuticles in terrestrial plant material. Note the other organic matter i ing sporinite i pol.l.en)
and liptodetrinite (fluorescing organic matter smaller than 10y in size). Well 7120/2-3 S at 2005.93 m. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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Fig. 8. Gamma ray (GR) logz, source rock geochemical data (i.e. TOC, HI, Tmax), and maceral and mineral ition of studied i zamples from different

wellz: A. 7219/8-1 5 = Bjermsyrenna Fault Complex; B. 7220/5-1 = Polhem Sub-platform; €. 7321,7-1 = Fingerdjupet Sub-basin; D. 7226/2-1 = Southemn Bjar-
meland Platform; E. 7231/1-U-1 = Nordkapp Basin. See inset map for well locations.

Basin, the Ri Loppa and Bj, fault 1 and the range iz caleulated by translating the measured HI of mature samples
Fingerdjupet Sub-basin are diminished because of the marginal to along the maturation pathways on a Tmax versus Hl eross-plot. Modestly
mature nature of the Hekkingen Formation (Fig. 7). Thermal stress has clevated HI valucs between 350 and 400 mg HE/g TOC are tentatively

probably led to different levels of hydrogen losses considering the imated for the marine liptinite rich kerogens within the Alge Member
ﬂ:ﬂmalstxbllltyofﬂmvanonsmxcﬂsltype&hnavmgrlmhal shales in the central Hammerfest Basin (i.e. Figs. 7 and 9C). Maceral
drogen riel (Hli) range iz esti d by integrating observations assemblages made up of roughly equal proportions of marine and
from maceral ition and back-calculation. & HIi range is obtained terrigenous liptinites in the Alge Member shales neighboring the Loppa
lly from ing the HI of th Iy mature samples with High (i.e. Fig. 3) are asmigned Hli values between 280 and 330 mgHC/

Hmtofxmmahneaamplesofsmm]mmccmlcompomhmﬁsccond gTOC. Lower Hl walues between 250 and 300 mg HC/g TOC are

102



Paper |

Marine and Petroleum Gealagy 134 (2021) 105342

C. T1209-2
TE Wiee Gm

e )
=1/ |
)
et
-
"]
m——cY
e

o =d

D. T11%12-1
iT frd

Flg. 9. Gamma ray (GR) logs, source rock geochemical data (i.e. TOC, HI, Tmax), and maceral and mineral

of studied zamples from different

wells: A 7120/10-1 = Southern Hammerfest Basin; B. 7121/9-1 = Eastern Hammerfest Basin C. 7120,'9-2 = Central Hammerfest Basin; D. 7119/12-1 = Ringvassay-
Loppa Fault Complex; E 7122/2-2 = Western Hammerfest Basin. See inset map for well locations.
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(ie. A and B) or Helikingen members (ie. C). The complete

dataset with Tmax values is dizplayed in Fig. 2. (For interpretation of the references to color in this figure legend, the reader is referred to the Web verzion of

thiz article.}

estimated for the more ter within the
overlying Krill Member (Fiz. 9). Southwards into the Ringvasssv-Loppa
Fault Complex, initial hydrogen richness is estimated to have been be-
tween 270 and 320 mg HC/g TOC for both members. As will be dis-
cussed In sechon 4.4, sedimentary organic matter in these areas,
particularly within the Alge Member, is suspected to have been differ-
entially affected by the action of sulfate-reducing bacteria. This condi-
tion may in tum have depressed the original hydregen richness of the
organic materialz to different extends, leading to Hli lower than
estimated.

Original HI values lower than 200 mg HC/g TOC are estimated for
the vitrinitic kerogen in the western localities of the Fingerdjupet Sub-
basin (i.e. Figs. 7 and 2C) and some Krill sites in the west of the Ham-
merfest Basin (i.e. Fig. 3). The high quantities of oil-prone, fl

44 i ditions during sed

Y

4.4.1. TOC versus pyrite

Under marine, oxygen-limited conditions, sulfate-reducing bacteria
utilizes sulfate as their main source of oxygen (Berner, 1984). The
reduced inorganic sulfide iz largely fixed as pyrite (FeSs) depending on
the supply of both reactive iron and bacterially decomposable crganie
matter, which acts as both a reductant for sulfate and az an
oxygen-consuming barrier that prmmpts anexic conditions [Bemcr
1954). This premise permits the relationst it Y-
rite and TOC to be used as a qualitative tool to evaluate the redox sh!b: of
the depositional environment (Berner and Raizwell, 1983; Leventhal,
1983; Berner, 19584). Fig. 12 compares samples from the Alge (A) and

amorphous macerals in the Bjsrm@yrenna Fault Complex (Le. Fiz. 8A) is
indicative of accumulation of "authentic” marine type Il kerogen con-
taining elevated hydrogen indexes. Based on analog data from dizerete,
amorphinite-rich intervals documented in the Polhem sub-platform, a
feacible prognesis of HIi for such maceral characteristics would be
arcund 400-300 mgHC/gTOC, or even higher depending on syn- and
post sedimentary alteration.

Erill (B) bers in terms of TOC content (wt %) and volume per-
centage of pyrite from the microscopic analyzes. TOC and pyrite corre-
late positively with one another for Krill samples (Fig. 12B). This is
| istic of sedi ] in normal marine (i.e. moderately
low oxygen content) bottom waters (Bemer, 1984; Raiswell et al | 1988;
Lickge et al, 2002). Under such conditions, dissolved sulfide and
reactive detrital iron minerale are plentiful and, henee, the major control
on pyrite formation is the ilable amount and ity of decom-

posable organic matter.
In the Alge zamples, pyrite displays a weaker correlation with TOC
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and its concentration seems independent of TOC (Fig. 12A). This attri-
bute of the Alge Member iz typical of accumulation and burial of or-
ganics in anoxic settings (Berner, 19584). There, a plentiful supply of
organic earbon and sulfide leads to the formation of high concentrations
of pyrite, which iz in this case limited by the amount of reactive
iron-minerals and, importantly, ime for reaction. Similar to the Erill
Member, highest pyrite concentrations (up to 18 wt %) occur prefer-
entially in samples from the most southemly located areas, ie. Ham-
merfest Basin and Ringvassey Fault Compl lez from other
locations with comparable TOC levels exhibit a lower pyrite content.
This poesibly results from the coincidental development of relatively
more anoxic bottom waters and stronger inputs of reactive iron minerals
in the southern depositional sites. Under strengly anoxic

ded based on geologi

P (For of the to color

trations of pyrite indi increasingly anoxie conditions leading
to intenzified bacterial activity and stronger izotope alteration towards
heavier values. Cross-plote of pyrite and izotopes show that Alge samples
from the Ringvass#y-Loppa Fault Complex and from the Hammerfest
Baszin record the highest pyrite contentz and the heaviest isotopic
composition (Fig. 15A and C). This correlation satisfactorily supports
that accumulation of organic rich sediments within these areas occurred
under more anoxic and stronger sulfate-reducing conditions relative to
other areas in the dataset. The smaller variability in the content of pyrite
and isotope values observed in the Krill Member (Fig. 15B and D) impliez
that although redox liti ingly ct acroes the Barentz
Sea during its deposition, the tion in dissolved oxygen levels were
not as significant az in Alge times. It iz arguable that thermal maturity

sulfide oecurs in the bottom water and in the upper few meters of the
sediments (Sweeney and Kaplan, 1950; Berner, 1954) and even the
slowly ing iron comp 1z have sufficient ime to react with high
concentrations of sulfide (Leventhal, 1983).

4.4.2. Carbon otopes of the SARA fractions

The carbon isotopic compeeition of the &'°C saturate (Cy), aromatic
(Caro) and azphaltene (Cuy) fractions (i.e. SARA)] of the organic matter in
sedimentary rocks is the result of the original composition of the crganie
precursors and secondary biochemical processes altering it during
sedimentation and diagenesis (Macko et al., 1998; Hayes et al,, 1999).
The carbon isotope 1tion of the Heldd Formation
a gradual northwards change from heaviest in the Ringvassey
Loppa-High Fault Complex/southern Hammerfest Basin to lightest in the
northern Bjarmeland Platform (Fig. 13A and B).

In an attempt to elucidate the effects of organic matter type (i
marine versus terrestrial) in the izotope signature, the relative maceral
composition and the SARA isotope fractions of the reactive portion of
the kerogen are cross plotted in Fiz. 4. The plotted SARA isotope values
indi that samples different proportions of terrestrial- and
marine-derived organic matter have a relatively uniform range of
wvalues. This suggests that although the primary compocition of the
organic matter ha the main imprint on the original isotope signature,
secondary processes may have altered it to different degrees.

Bacterial sulfate red isa lex bioch ] process that not
only releases sulfide but also alters the orginal izotopic composition of
the organic matter owning to the preferential consumption of light
isotopes (Jgrgensen, 1982; Berner, 1984). By applying thiz logic, higher
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has shifted the original isotope composition to heavier (ie. less nega-
tive) values. In such case, the degree of thermally-indueed alteration
would vary according to the stability of the different kerogen types.
MNevertheless, the magnitude of thiz changes iz not expected to be sig-
nificant given the only marginal to mid-thermal maturity (Fig
Table 1) of the samples plotted in Fig. 15.
Doemer et al. (2020) have considered the implications of organic
matter lability in isotope alteration caused by sulfate-reducing bacteria.
1i ining higher of labile organic matter were
found to have experienced heavier degradation by sulfate reducers.
les from the Ri w-Loppa Fault Complex and the Hammerfest
Basin record high concentrations of labile marine liptinites relative to
other areas (Fig. 7). Thiz condition may have eventually prompted a
more extensive alteration of the original carbon izotopic composition
and, importantly, diminiched the original hydrogen richness.

5. Di i lationships between paleog
and source rock potential variations

aphy,

5.1. Sedimentation of the Alge Member

The paleogeographic scenario for the Late Jurassic in the Norwegian
Barents Sea is from Marin ct al. (2020). They interpret the Heldingen
Formation as part of an overall transgressive event with minor super-
I | 3 I . In their model, regional

o

flooding of the shelf begins in the Bath with depositi
of the Puglen Formation Further transgression during the Oxfor-
dian-Fimmeridgian caused terrigenouz sediments to be trapped
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referred to the Web version of this article.)
land 1 with an 1 drop in cedi rates farther
offshore, marked by deposition of the black chales of the Alge Member.
In the Hammerfest Basin and the Troms-Finnmark and Ring-
wasspy-Loppa fault complexes, outer shelf facies accumulated (Fiz. 16A).
This water mass transitioned westwardz into the Tromss Basin where
cooler, deep marine facies were deposited. In these areas, a relatively
high pyrite content and heavy isotopes (Fig. 15A) suggest a depositional
envirenment with poorrly oxygenated bottom waters. Under these con-
ditions, intense d d; by sulfat lucing bacteria iz ito
have decomposed the organic matter and probably depressed the HI
walues of preferentially algal debris (Litthe ot al, 1997; Luckge ot al,
2002; Doemner et al, 2020). The westwards enrichment in marine
organic in the H: rfest Basin reflects an increasing
distance from the sourcez of land particles, which iz inferred to be the
Norwegian mainland.

The Loppa High remained under shallow water conditions and only
uplifted footwall islands emerged above sea level (Fig. 16A). The higher
content of colonial alginite recorded in the western Hammerfest Basin
supports the exictence of an inner chelf to transitional source area updip

(For i

to color in thiz figure legend, the reader iz

in the Loppa High. The isolated izlands are likely sources for the abun-
dant terrestrial organic matter in the Fingerdjupet Sub-basin, the Pol-
hem Sub-platform, the Bjgrmgyrenna Fault Complex, and the southern
part of the Bjarmeland Platform It iz also poesible that small islands
established on top of the Samson and Norvarg domes and on top of
uplifted footwalls around the Swaen Graben acted az additional sources
of terrestrial debris in the southern Bjarmeland Platform.

Across most of the Nordkapp Basin, the Bjarmeland Platform, and the
distal parts of the eastern Finnmark Platform, the Alge Member was
deposited in an outer chelf setting with high inputs of terrestrial crganic
particlez from the mainland and locally from islands formed on top of
salt diapirs (Fig. 16A). In the Nordkapp Basin, marine liptinites possibly
derived from autochtkh: isme living in led mini basins
formed between diapirs. Therein, the intermittent growth of zalt diapirs
(Rojo and Escalona, 2018; Cedenic et al, 2019) probably caused
small-seale fluctuations in redox conditions and subjected the crganie
matter to reworking and degradation by aerobic bacteria, which
consequently lowered HI (Le. Fiz. 10A) and increased the concentration
of inertinite (1.e. Fig. SE). Such fluctuations in dissolved oxygen content

A B C
ASP FSAT AP TEAT  ASP TGAT
l:l Ringvassny-Loppa Faul Complex/ D Haommerfist Basin' - Southern Bjarmeland & M
Southern Hammerfest Basin Nysleppen Fault Complex exstern Finnmark platforms “’ﬁxﬁ 'y
Morthern Bjarmeland Platform Nordkapp Basin ,\g.
O i =) et
Flg. 13. North-south variability in carbon izotope composition within the Alge (A) and Erill (B) members. The izotope ranges di: i the thy

the and

wvalue for each of the SARA (Saturate, Aromatic, Asphaltene) fractions of samples in the corresponding region. C. Isotope

ranges and samples of the Alge Member in the Nordkapp Basin are dizplayed. D. Map of the study area color-coded after the three-axes diagrams. Refer to Fig. 1 for

abbreviations of the different of the

(For i

thiz article.}

to color in thiz figure legend, the reader iz referred to the Web version of
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in the Nordl Basin are probabl ible for the broad range of
isotope walues covering a span of up teo 4.3% (Fiz. 13C).

Marine and Petroleum Geology 134 (2021) 105342

bamFanlhngalmgﬂl:ﬁmﬁmmmkFau]lGump}:xmggucdﬂx
1 ion of the Fi % Platform, foll d by
the ine and i river runcff. Naturally, thiz caused the

Higher-than-average HI values in the eastern Finnmark, the
Bjarmeland, and the Polhem Sub-platforms may be a result of less
degradation by sulfate reducers under only modestly anoxic conditions.
Lighter i and lower of pyrite d to the Ham-
merfest Basin and the Ringvacsey Fault Complex (Fiz. 15A) suggest af-
finities with less anoxic bottom waters in the northem areas.

5.2, Sedimentation of the Krill Member

Hammerfest Basin and other areas adjacent to the Finnmark Platform to
incrcase when comparcd fo the unlerlying Alge Member (Fiz. 168).
Sediments derived from the N were
depocited in delta and prodelt: and were sul )
dispereed by turbiditic currents and hyperpycnal flows. Fewer incrinitic
particlez in the Hammerfest Basin and the Troms-Finnmark Fault
Cnmpl:xsngaedxdnﬂmmdmcehntmmufmdmumpomhﬂn
imity of the 3 1 source. Limited sulfate-

Increased tectonic activity during the late
bmllallla]nulpa]mgmgmphxchansﬂﬁb 16B) that exerted impor-

mdumgachwtymactb:rmﬂlshmgmﬂﬂxofi:nednalmmm
matter, whmhulcssmephbkbuﬂmaﬂnckbyxul&l:mdncm most

lz on the of the Krill Member. Seawards
of the shoreli and subacrial crosion of uplifted f il
deli 1 higher vol of grained sedi to the shelf,

which locally increased sedimentation rates and diluted the organie
matter. The generally coorce prain sise of the clastic particles and the
i mp]yamﬂr:mgththydﬂuhc

Iikely 1 of the organic matter and
better preservation of the original hydrogen richness.

The Loppa High inued to be a ically active area and
uplifted footwall izlands became areally more extensive during Knll
I:lm:s[l‘\, 16B). Shallow, inner shelf conditions existing in the Loppa

ded eastwards into the southern Bjarmeland Platform, the

and greater of dissol mya:n.Thlu di ¥
background resulted in 1 of the Krill I ber under redox
cmdlhumﬂ:alwmammﬂym:lmlfﬂmmtb:d;ﬁ:rmt
1! d to the lation during Alge times.

lm}:u:mxmﬂy the biota sourcing the sedimentary organic matter
remained eszentially the same as in the underlying Alge Member, as
dizcuszed in section 4.2,

A zet of normal faults caused further deepening of the shelf across the
Ringvassdy-Loppa Fault Complex and development of deep marine en-
vironments (Fiz. 16B). Most of the contizuous Hammerfest Basin
remained under cuter shelf conditions except for the Central High,
which rose above sealevel and shed terrestrial organic materials into the

[ i it
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I susaerial

[ Granity Flusw Dispesits
[ e Sher
[ e el

[ e i

TR

e
TR

delmppBam,mdﬂl:mbﬂnanmarkPhﬁurm.ﬁm mgamc
matter rezided a longer time in the
layer after deposition, where acrcbic bacteria and bottom-dwelling
fauna degraded all but the most resistant organic constituents. This
lends iteelf to explaining a subtle increase in inertinite particles on the
platforms, and pessibly explains the lack of marine macerals.

5.3. Sedimentation within the Bjgrmeyrenna Fault Complex

E and subaerial d 1 of uplifted footwalls in the
Loppa High delivered increased volumes of clastic material to deep

B

O] Terrarial Ligtinine
L Marine Liptinite

[ [

Inmer Shelf

Fig. 16. Paleogeographic maps of the

n Barents Sea ing the

in il within the Alge (A) and Krill (B) members.

The paleogeographic maps are modified from Marin et al., (2020). Mpudlmmmamﬂleamgeb.e per well) maceral compositions calculated from the

microccopic analysis. See Table 1 for plotted values. Refer to Fig. 1 for

of
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marine settings in the Bjgrngyrenna Fault Complex (Fig. 16B). Fig. A
shows variability in organic facies reflected in chifts from high relative
amounts of marine macerals (iLe. amorphinite) to high amounts of
allochthenous terrestrial macerals (i.e. inertinite and vitrinite) within
both members. Thiz condition iz consistent with short-lived, but
frequent, changes in organic inputs and depositional conditions prob-
ably driven by submarine debrz flows and turbiditic currents. These

carried oxyger 1 waters and land plant-derived particles
from proximal updip locations to deep zites where they disrupted the
sedimentation of marine organic materials in oxygen-depleted waters.
Ozeillation in the concentration of pyrite and detrital quartz supports
these interpretations (Figz. 12 and 24). In this area of the Bjgmepyrenna
Fault Complex, high sedimentation rates probably prevented o)udatlon
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ARTICLEINFO ABSTRACT

Fiywards: The petroleum generation potential of Upper Jurassic to Lower Cretaceous organic rich shales from the south-
Source rock western Barents Sea was evaluated using bulk and quantitative pyrolyziz analysis. Fifteen thermally-immarure
Petroleum generation potential zamples from the Helkingen Formation with differing arganic facies, = defined by maceral composition, ware
gjk"m subjected to total organic carbon, Rock-Eval pyrolysis, iz gas ¥, bulk kinetics, and micro-

tioms] hinetica zeale sealed wvessel pyrolysic analyres. The results were il 1 to ize in source rock
B"m' en kerogens, groes petroleum type, and the compositional evolution of the generatad Huids 2= well as their physical
Helkingen formation properties (ie. gas to oil ratio, saturation prezsure, and formation volume factor) a: a function of increasing

maturity.

The investigated samples contain varying proportions of kerogen type Il and I1I. Heterogeneities in the kerogen
composition result in different orders of thermal stability, with the onzet of petroleum generation predicted to
occur over a high and broad temperature range from 123 *C to 144 °C (at 3.3C°/Ma). Reduced kerogen stabilicy
associated with elevated sulfur contents is only documented in a few samples. Most of the analyzed samples have
the potential to generate low GOR oils of an intermediate to aromatic, low wax paraffinic-naphthenic-aromatic
(P-N-A) composition and variable amounts of wet gas. Petroleums of similar compositional and phyzical prop-
erties are predicted to have been generated from the namural maturation sequence of various organic facies in
thermally mature areas of the Hammerfest Basin and the Ringvasspy-Loppa High and Bj#meyrenna fault com-
plexes. Vitrinite-rich sources in the Fi i Sub-bs and the Troms-Fi Fault Complex have po-
tential for gas and condencate generation.

1. Introduction demonstrated by Cedefio =t al, 202] and affirmed by the general liter-
ature (Henriksen et al., 201 1a; Ohm et al., 2008; Abay et al, 2017).
The Norwegian Barents Sea hosts various petroleum source rock Geochemical et ization of oils in the i
intervals ranging in age from Carbeniferous to Early Cretaceous (Hen- has been conducted by Ohm et al. (2008), Duran et al. (2013a), Killops
riksen et al., 2011a; Ohm et al, 2008; Abay 1, 2017). The clastic et al (2014}, Murillo et al. (2016) and Lerch et al. (2016). Their studies

n Barents Sea

rocks of the Upper Juraszic Helda Formation the most
widespread and one of the most prolific sourcing intervals These
extended deposits are records of a Late Jurassic epicontinental sea

luded that the organic-rich facies of the Helkingen Formation
provides a source for some of the migrated petroleum within the Snpghwvit
and Goliath fields, and various sub-commercial accumulations across
the h 1 Barents Sea. These observations are also supported by

inundating vast areas of the western Barents Shelf (Fig. 1). Devel
of suboxic to anexic liti and the coineid | i in bio-
logical carbon productivity favored accumulation of
organic-carbon-rich sediments. Total erganic carbon (TOC) values in the
Alge Member are typically higher than in the overlying Frill Member as

* Corresponding author.

E-mail address: andres f cedenomottaifuiz.com (A. Cedeno).

httpe//doi org/10.1016/j. marpetgeo. 2021105343

the basin modelling work of Duran et al (201 3a and b).

Cedeno et al, 202] lyzed the hemiztry and positi of
the solid organic matter constituents of more than 300 samples widely
distributed acroes the southwestern Barents Sea to characterize the
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Oxfordian-Kimmeridgian
157 Ma
Flg. 1. Paleogeographic locaton aftheBeranmﬂlmthemﬂhweswn

Shelf at the Oxfordi: p Project,
Scotese, 2016).

depositional nature and orgamc faclcs wariability within the Helkingen
Formation. This study kably high of oil-pr
amorphinite in the southemn part of Bjsrndyrenna Fault Complex az well
az a westwards enrichment in marine algae within the Hammerfest
Basin, the latter being more pronounced within the Alge Member
(Fiz. 2). Their study also chowed that the Hekkingen Formation in the
Nordkapp Baszin and the adjacent Bjarmeland and eastern Finnmark
platforms contains mostly terrestrial-derived particles.

The generative potential of source rock kerogens depends essentially
on the character of the primary biomass and dictates the gross compo-
zition of 1 petrol (Demaizon and Moore, 1980; di Primic
and Horsficld, 2006). Inherently, varying propertions of marine and

1 1 1 within the Heldid Formation invokes
hdcrogcm-_lhr in kerogen thermal stability and, importantly, in physi-
of the 1 petrol In thiz study,
non-isothermal open-gystem pyrolysis iz used for modeling bulk kinetic
parameters of primary petreleum generation from fifteen samples cho-
zen to capture the variability in organic facies, az defined by maceral

positions, within the Heldd Formation. Results from open
pyrolysis-gaz chromatography (Py-GC) and compositional lu.nc’hc
models are 1 | to predict petrol tvpe and physical
under & ing maturity. Additionally, the present study produces a
map that illustrates the variation in kinetic parameters and predicted
petroleum types generated from the natural maturation series of varous
organic facies across the southwestern Barents Sea. The results of this
study can be readily implemented in basin and petroleum system studies
of the Barents Sea and other basins alike.

h i

2, Structural setting and stratigraphy

The western Barents Sea is dl\ndcd into several basins (Hammerfest,
Tromsg, Bjgrndya, ! iy ), platforms (Bj: land and
Finnmark), and structural ]ughs {Loppa and Central highs and Samson
and Svalls domes) separated by ma_]or fault complexes (Troms-Finn-
mark, Ring Loppa, Asteriaz, _ leppen and Hoop)

Marine and Petroleum Gealagy 134 (2021) 105343

(Fig. 2; Clark et al, 2014; Blaich et al, 2017; Indreveer et al, 2017;
Mulrooney et al., 2017; Serck et al, 2017; Kairanov et al_, 2019; Faleide
et al, 2019; Tsikalas et al, 2021). Long term Genozoic uplift in the
greater Barents Sea has resulted in net erosion values that vary from O to
more than 3000 m (Riis, 1996; Dore et al., 2000; Cavanagh et al, 2006;
Henriksen et al, 2011k).

The geological evolution and deposition of Middle Jurassic to Lower
Cretaccous successions within the western Barents Sca was largely
controlled by a global eustatic sea level rize and renewed tectonic ac-
tvity (Sund et al, 1986; Berglund et al, 1986; Faleide et al, 1993;
Gernigon et al., 2014; Serck et al, 2017; Rojo et al, 2019; Kairanov
et al, 2021). Development of an epicontinental sea and intensified
organic carbon productivity during the Late Juraszie allowed for depo-
sition and burial of organie rich sediments over vast areas of the conti-
nental shelf. These clastic sediments are collectively referred to as the
Helkingen Formation (N gian it Dis hitpe://www.
npd_no/en/). This formation has an unconformable basal eontact with
rocks of the Fuglen Formation, although it may locally grade to a
conformable surface, and unconformably underlies the Lower Creta-
ceous units along the regionally extended Base Cretaceous Unconfor-
mity (Arhus, 1991; Bugge et al, 2002; Marin et al , 2018; Wierzbowsli
and Smelror, 2020).

The sedi haracter of the Hekki Formation changes
from a black zhalcdomumbed zuccession at the baze to a silt-dominated
succession at the top, and is, therefore, subdivided into the Alge and Knll
members, respectively (Dalland et al., 1988; Mk et al, 1999). Based on
palynological data, Dalland et al. (1988), Georgiev et al. (2017, Merk
et al (1999), and Smelror et al. (2001] estimate an Oxfordian to Kim-
meridgian age for the lower Alge Member and a Kimmeridgian to Rya-
zanian age for the upper Krill Member.

The Alge Member ranges in thickness from 35 m in the Hammerfest
Basin to up to 185m (well 7129/8-1-c) in the Bjgrmgyrenna Fault Com-
plex (Meck et al., 1999; Marin et al., 2020; Cedefio et al., 2021). These
black shalez are largely associated with deposiion in an
oxygen-depleted shelf (Mprk et al, 1999), but short phases of more
oxygenated bottom water conditions have also been recognized. The
Krill Member displaye higher variations in thickness, from absent in
some wellz in the southwestern Barents Sea (e.g. 7120,2-3) to aver 600
m within the Bjgrneyrenna Fault Complex (Marin et al., 2020). These
sediments were deposited in a wide range of bathymetric conditions
ranging from a shallow chelf to deep marine environments (Mrk =t al |
1999; Marin et al., 2020; Helleren et al, 2020). Marin <t al. (2020)
terpret the Frill Member to have been deposited during a meore
tectonically active pericd.

Total organic carbon data shows that the main section of enhanced
erganic richness occurs within the lower Alge Member (Henrkeen etal |
20112, 2011k; Marin et al, 2020; Cedefio et al, 2021). Hydrogen
indices (HI) from 50 to 430 mg hydrocarbon per gram TOC (50-430 mg
HG/g TOC) are recorded for Alge and Krill immature camples, which are
typically 1with kerogen bl ranging from Il to I1. This
suggests that both the Alge Member and the more discrete organic-rich
Krill Member posses: similar generative potential (Ohm et al., 2008;
Henriksen et al, 2011a, 2011b; Cedeno et al, 2021). HI values in the
central-western Hammerfest Bazin and the Bjgrngyrenna Fault Complex
are low owning to high thermal maturity. Cedefio et al, 2021 estimate
an original Hl value of 400 and at least 500 mg HC/g TOC for the
Helkingen members in these areas, resp , which are
with Type Il kerogens.

3, Samples and methods

A total of 235 cuttings and core samples from the Heldkingen For-
mation were collected from 35 oil and stratigraphic (i.e. IKU strati-
graphic Drilling Projects) wells distributed acrosz the southwestern
areas of the Barentz Sea (Fig. 2). All samples were obtained from the

{ ian Petrol Di (NPD) and SINTEF well repositories.

112



Paper Il

A. Cedeiio et al Marine and Pesrolasm Geology 134 (2021) 105345
.'vU'&{ll'L ISR WAHTE I5NE
mo&u-u-l i
BP BP i
-
BP BP HFC
£ I
g £ e
7 B3 1z
EFP
®
BB BB ‘
LH - LH
A
BF Legend [ Legena
0 H Vitrimite I virsinite
Imertimine Inestinite
- I Terrestrial Liptinite = | [ errsars
= . Marine Liptinite 3 . Marine Lipti
B o Legend # Legend
i A Tmua 0y Taas (*C)
B i
mc_? [ =4e Immesrare g i < 4MF Tmmabir: Z
1 @bg Fr [ axee. aaee g ] 4304 E
{ E 2004 | I - | o B -4
> [ st asie B -
2 B
3 ) I 0 o e s Wi
FIC ) Diry Gas Window I o - s Oy G Wasdow
HPONCE !W’UIW'E 25°0N0°E )
Flg. 2. Map of the Barents Sea i ing the variability in maceral compositions within the Alge (A) and Erill (B) members across the various
ical provi . The pie di represent the average (i.e. per well) maceral it from the mi i analyzis in Cedeno et at. (2021).

Belevant wells used in this study are shown (See Tabls 1). A present-day maturity overlay of the Hekkingen Formation caleulated from Tmax Rock-Eval data iz also
displayed. BP= Bjarmeland Platform, HFC= Hoop Fault Complex. MB = Maud Basin, MH = Mercurius High, NB= Nordkapp Bazin, EFP = eastern Finnmark Platform,
ND= Norvarg Dome, SG= Swaen Graben, SD= Samson Dome, FSB= Fingardjupet Sub-basin, BB= Bjsrnpya Basin, BFC= Bjdrneya Fault Complex, PSP= Polhem Sub-
platform, LH = Loppa High, NFC= Nyzleppen Fault Complex, HB= Hammerfest Basin, CH= Central High, RLFC = Ringvass#y-Loppa Fault Complex, TB = Tromss#
Bazin, FP= Finnmark Platform, TFFC = Troms-Finnmark Fault Complex.

The sampled intervals were selected based on the stratigraphic bound- In an initial phase, samples underwent TOC and Rock-Eval analysis.

ariez of the Helikingen Formation as defined by the NPD and preexizting Aliquots of each sample were pulverized and zubdivided in two. The

geochemical rezults from well completion reports. TOC content was quantified with a LECO 5C-632 combustion oven tuned
Table 1

Sample information, whole rock and maceral composition, and bulk source rock geochemical results (Le. Rock-Eval and TOC) of the fifteen studied
zamples. Theze sample: were selected from a regional study documented in Cedeno et al, 2021,

o Well Depth | Sample Tmax
m Lype e
1455 | Curings 426
1467 | Curings 41
1482 | Curings 426
1385 42
1368 231
1380 | Curiings 43
1392 | Curiings 413
1441 | Curtings 6 415
1 w8 | Cone ] A
1 | Cone 3 Al
K 4578 [ Cere | 46 ] % 2 12 24 0 2 & 3 211 a0
L 1260 | Cuings | &4 [ 2% 5 o 6 17 o az 19 0 126 a4
M 655 | Core | 3 5 2 1 10 19 s 55 o 3 122 al4
N | Taanietel | 44l | Core | SD ] ] 1 15 18 53 a7 o o 10 410
© | Taanioetel | 4685 | Core | &4 ] 5 3 10 29 [ 7 27 o 163 a16
3
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to an IR-detector. Rock-Eval pyrolysiz was performed using a Rock-Eval
6 instrument, allowing direct measurement of free hydrocarbons (5],
remaining hydrocarben generative potential (5;), carbon diexide (CO4)
content produced during thermal cracking (53), and temperature of 52
maxima (Tpnay) (Espitalic et al., 1977). All samples were alco subjected to

organic and mineral petr hic analysis following the thod:
described in Cedenio et al, 202]. Fifteen thermally-immature source
rocks samplesr ing the most maceral bl were

selected for artificial maturation experiments (Table 1). Te ensure
thermal immaturity, sample selection was limited to wells drilled near
structural highs (Le. wells 7231-1-U-1, 7227/8-U-3, 7125/1-1) or well
sections interpreted to have experienced significant crganic matter
dilution (Le. well 7120/10-1; see Fig. 4 in Cedeno et al., 2021). Where
available, core material was prioritized over cuttings.

Open-system pyrolysi (Py-GC) was performed
using a HP5890 Il instrument with an M55V injector and an FID. The
column iz a HP-1 (length 50 m, i.d. 0.32 mm, hlmthldm:s::DSlem)
and the injector unit is from Margot Kahnen-Willsch ¢l &

Marine and Petrolasm Geology 134 £2021) 105343

(pseudo-Cg, C7—Cis, C15-Cos, C26-Cas Ca6—Cass Cas—Css Cae—Cap di
Primio and Horsfield, 2006).

The composition of pyrolysiz gases differs substantially from natural
gas (Mango, 1996, 2000, 2001). The most important difference is the
comparably low content of methane in gases derived from pyrolysiz
experiment (di Primio and Horsfield, 2006). Methane iz known to have
the highest impact on the phase behavior (di Primio et al,, 1998; di
Primio and Skeie, 2004) and, theref itz relative abund needs to
be corrected following the appmadi by di Pn:mo and Horsfield (2005).
The correcting 1 1 in ljustment of the
methane to wet gas ratio, assuming decreasing gas weness ratio for
increasing transformation ratio, and shifting of the trends of Py, against
GOR and Pux against By closer to the linear trends typically observed in
natural petroleum eystems (di Primio and Horsfield, 2006). The prop-
erties of the Gy, lumped fractions were then caleulated from the cor-
rezpending properties for Cy to Cgg single carbon number groups by mass
weighted averaging as deseribed by Pederzen ot al. (1985). The tuned

Software. An open sample tube containing 20 mg of pulverized whele
rock was placed in the system injector at a preheated temperature of
300 °C and volatile compounds evaporated before the pyrolysis oven
was closed. The oven lr_mperature was increased to 600 “C at a rate of
25 “C/min. The pyrol were collected in a liquid nitrogen-
cooled trap for 10 min before being released into the GC column,
whereupon there were released at an initial temperature of 40 “C (held
13 min), heated to 300 “C at 5 “C/min (held 25 min), and finally
inereased to 320 °C at 5 “C/min (held 10min). The pyrolysates were
monitored on-line uzing a HP-1 capillary column (length 50m, i.d. 0.32
mm, film thickness 0.52 im) on the GC that was equipped with a flame
ionization detector (FID). Boiling ranges (C1, C2-C5, C6-C14, CI 5+)

and individual Iz (n-alk n-all Ikvl and
lleylthioph were ified using n-but: as an external stan-
dard. Response factors for all heed 1z were 1 to be

the zame. In the case of methane, artsponzx: factor of 1.1 was assumed
according to di Primio et al (1998).

To constrain bulk kinetic parameters of primary kerogen to petro-
leum transformation, the 15 samples were subjected to non-isothermal
open-system pyrelyzis at five different heating rates (1 “C/min, 2 “C/
min, 5 “C/min, 15 “C/min, 25 “C/min) using a Rock-Eval 6 instrument.
Kinetics05 software from L Li Naticnal Lat W
(Burnham et al., 1957) was used to caleulate a discrete activation energy
distribution (Ea) and the frequency factor (A).

Non-isothermal, closed system pyrolysis-gas chromatography using
miere-sealed sealed vessels (MSSV Clcscd—h‘slr_m Pyrolysiz) was used
for itional kinetic lels: ing the h deseribed by
Horsfield et al. (1989) and Diechkmann and Feym (2006). Milligram
amounts of five selected samples were zealed in glass capillary tubes
[five tubes per zample) and heated at a single heating rate (0.7 “C/min)
to final corr ling to 1 1 transformation ratios
(10%6, 30%, 50%, 70% and 90%). The temperatures corresponding to
the selected transformation ratios were determined by simulated heat-
ing of the bulk kinctics paramcters, as cstimated from the Rock-Eval
pyrolyziz data, at the specified heating rate. The sample tubes were
placed in the injector system and then broken when pn:z:sun: had sta-
bilized after 4 min. The compociti ofthe 1 bon

descriptions from M3SV closed-system pyrolysis were com-
blncd with the bulk kinetic model from open-system pyrolysis. The 14

tz were allocated to the reaction weights from the
bull. kinetic model, so that simulation of the resultant 14-component
kinetic model best-fits the MSSV data. A coordinate-wise stochastic
search algorithm (Zabinsky et al., 1993; Zabinsky, 1998) was used to
compute a least-squaree best-fit of the compositional kinetic model to
the tuned compozitional descriptions.

It iz instructive to highlight that the te predi of natural
fluid propertics is limited by the fund 1 difference | the
bulk ition of 11 1 petroleum and that of kerogen
pyrelysates regardless of kerogen type or pyrolysiz techniques (Harlsen
and Larter, 1991; Larter and Horsfield, 1993; Horsfield, 1997). Natural
oilz: are hydrocarbon-rich systems, while pyrolysates consist of
comparatively higher proportions of tic and polar
(Urov, 1980; Castelli et al, 1990; Karlsen and Larter, 1991).

4. Results
4.1. Rock-Eval. TOC, and maceral assemblages

The TOC contents of the fifteen source rock samples selected for
artificial maturation experiments range from 2.2 to 23 wit3% with Hl
walues in the range of 115-378 mg HC/g TOC (Table 1). High HI values
are mostly iated with el iTOC while comparatively
lower HI values correspond to low TOC contents (Fiz. 3A). Sample H
from well 7220,/5-2 has a HI value of 378 mg HC/g TOC paired with a
relatively low TOC content of 2.4% and, therefore, deviates from the
main trend. When plotted on the pseudo-Van Krevelen diagram, the HI
data indicates the presence of various proportions of mixed kerogen
types Il and 111 (Fiz. 3B).

The investigated samples have not reached thermal stress levels
required for petroleum generation and expulsion as indicated by their
Tmax Rock-Eval temperatures that are mostly equal or lower than 426°C
(Table 1). A Tmax value of 432 “C was reported for sample E; however,
based on itz high relative abundances of thermally stable vitrinites
(Table 1), it iz interpreted to retain most of the original generative po-
tential. Thus, the variations in TOC, HI, and maceral composition are

was d by ther 1 h aph;

(Tvap-GC) az deseribed above. Compositional models with two (oil and
gas), four (Cy, C2-Cs, Cs-Cyq and Cys, ), and fourteen (Cy, Cz, Cg, i-Cy,
n-Cy, i-Cs, n-Cs, pseudo-Cg, Cr-Cys, Cre~Cas, Ca6-Cass Ca6-Cus. Cas—Css
Cs6—Cpo) components were dmh:rpcd

For liction of petroleum phy 1 riies such as saturation
pressure (Py,), gas to oil ratio (GOR), and formation volume factor (B,),
the Phase Kineticz approach by di Primio and Horsfield (2006) was
followed. The estimation of petroleum phase was carried out uzing the
fluid deseription consisting of 14 components, seven in the gas range
(€1, Ca, Cy, Cy, n-Cy, 1-Cs, n-Cs) and seven in the liquid range

1 to be primarily related to organic facies. This study did not find
any dclcclable d]angts in Lh: pyrolysis-gas chromatography data

lting fom i in the cample set (ie Tom —
403432 “C) that may affect the interpretations.

The maceral ition of the & 1 samples ises a
wide range of assemblages ranging from terrestrial dominated (ic. vit-
rinite and terrestrial-derived liptinite) to marine deminated (i.e. marine-
derived liptinite) (Table 1). Fragments of detrovitrinite and primary
vitrinite constitute the bulk of the vitrinite group, whereas sporinite, and
only occasicnally cutinite and resinite, predominates in the terrestrial
liptinite sub-group. The marine liptinite sub-group consists mainly of
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alginite particles (ie. lamalgini i linoflagell Only
sample H contains elevated amounts of amorphinite, a marine kerogen

Marine and Petroleum Geology 134 (20210 105345

sulfur content of the organie matter (Eglinton =t al | 1990). The temary
disgram in Fiz. 5A uses a sulfur-bearing (i.e. 2,3-dimethylthiophene), an

maceral known to possesz a high oil A positive

between HI and liptinites iz shown in Fig. 3C. The low to only modestly
high hydrogen richness in the studied samples is coincident with the
elevated inputs of autochthonous terrestrial inputs (see Cedenc et al,,
2021).

4.2, Predicted petroleum type from Py-GC

Open system pyrolysis zas chmmatamphy (Py-GC) was conducted

(i.e. ortho-xylene) and an aliphati pound (ie. n-alk
n-C9:1) for diseriminating between 1 lacustrine (Type 1),
terrestrial (Type ), clay-rich marine (Type II) and sulfur-containing
earbonated environments (Type 115). Twelve of the pyrolyzed samples
vield varyingly low amounts of sulfur-bearing compounds, whereby
they plot in the sulfur-poor kerogen type Il and 11l fields. Eerogen py-
rolyzates falling in the kerogen type Il field typically contain 50% by
volume liptinitic macerals, either marine or terrestrial, and HI values
generally higher than 250 mg HC/g TOC (Table 1). The pyrolysate
products from sample E plot well into the kerogen type 111 ficld. This i

on fifteen selected zamples with d maceral bl
(Table 1) to ch ize the lecul ition of kerogen
pyralysates and predict the generated petroleum types. Boiling ranges
for €, Ca-Cs, Cg-C14 and Cys, and individual compounds were quan-
tified up to n-Cyz for most of the z:amplc set (Fig. 4). Straight-chain
aliphatic hydrocarbons, ie. n-alk 1 . dominate the
pyrolysate. There is a sy ic d in abund of n-all
alkene doublets with increasing carbon number in the Py-GC traces. The
precursors ofal.\phatlc hydrocarbons in the source rock kerogens could
be Lipids i | from aliphatic bispal (Tegelaar et al., 1989) or
lipids incorporated through either condensation reactions (Tizzot :ul,J
Welte, 1984) or hing of labile ionalized lipids with i
sulfur acting as a reactant during early diagenesiz (Sinninghe Damste
ctal, 1989).

Besides aliphatic hydrecarbons, the most prominent mslwldual
Iz in the pyrol are, in ling order,
bons (e b , allylb trimethylk ), sulfur-
containing compounds (ie mosﬂ\- alkylated thmphcn:s] and dia-

T

with the high concentrations of humic kerogen of a vitrinitic
nature (iLe. 76%) and the very low HI value of 115 mg HC/g TOC
(Table 1).

The kerogen pyrolysates of samples J, K, and L possess higher sulfur
contents as compared to the other zamples and plot in, or close to, the
type 115 ficld (Fiz. SA). Pyrolysates with this relatively high thiophenic
sulfur abund. are typically 1 with clay-poor source rocks
containing sulfur-rich kerogens (i.c. type 115, Tissot ct al., 1967
et al, 1990; Braun et al, 1991; Tegelaar and Noble, 1994;
et al, 1995; Orr, 1986; di Primio and Horsfield, 1996; Hartw t
201 2). The clastic mineralogy reparted for these samples (Table | ]fs].lz:
to support the composition derived from their pyrolyzates. It is possible
that the el ion of 2,3-dimethylthiopl resulted from
the early eli of or lly-bound sulfur cccurring naturally in
some terrestrial-derived materals (Eglinton =t al, 1990, 1992). Alter-
natively, such a high concentration of thiophenic sulfur could originate
from diagenetic incorporation of inorganie sulfur into unsaturated and
functicnalized lipids in the kerogen (ie. sulfurization; Kaplan <t al,

Eglinton

romatic hydrocarbons (ie. mphthnlmcs and methylnaphthalenes) 1963; Sinninghe Damste et al, 1989; Tegelaar et al, 1989; Eglinton
(Fiz. 4). Relatively high tic hyd bons 1= ctal, 1992).
often linked with terrestrial erganic mputz: (Tissot and Welte, 1984; The n-allyl chain length distribution derived from source rocks

Horsfield et al., 1992). In this study, such an assertion i1z supported by
the relative abundance of toluene being greater than the Cy n-alkyl: in
the more terrestrially-influenced samples (Fiz. 4E), but are of similar or
lower abundance in the marine liptinitic samplez (Fiz. 4H). Other
mone-aromatic compounds such as benzene and meta + para-xylene
sometimes occur in greater abundance Hmnn-nlk\uls of the zame carbon

numbers. The most and least i I iz are
2-methyl-thiopk and 2, 3-dimethylthioph respectively, but these
are overall less sbundant than the c ponding n-alkyls.

The amount of thiophenes generated during thermal degradation of
kerogen under open-system pyrolysiz can be used to assess the crganic

A

O-Xxlene

At
Type 111

Flg. 5. A. Ternary diagram of n-C9 alkene (n-C9:1), ortho-xylene (O-Xylens), and 2,3 di
(1990). B. Temary diagram of total C1-C5, C6-C14, and E n-C15+ n-alkanes + n-alk

cording to Eglinton et al.
Horsfleld et al. (1989).

during open system pyrelysis can be used to predict the likely petroleum
types they generate throughout the entire natural maturation sequence
(Horsfield et al, 1989; Horsfield, 1997). The ternary plot in Fiz. 5B
employs the total light gas fraction (i.e. £ nC;-Cs) and the intermediate
(i.e. £ n-Cy-Cy4) and long-chained (i.e. £ n-Cys, ) n-alkyls to discriminate
paraffinic (low and high wax varietics), paraffinic-naphthenic-aromatic
(P-N-A) (low and high wax varietiez), and the gas & condenzate pe-
troleum generating potentials. Based on the n-alkyl chain length distri-
bution, most of the investigated samples are predicted to generate gross
pyrolysates that fall within the Low Wax P-N-A oil generating facics.

B

nCo-aCl4

5

sssrESLSFEEFES

i

nC1s+

ethyl-thioph

) uzed for kerogen elassification ac-

uszed for type it ling to
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Samples plotting well into the Low Wax P-N-A il facies are composi-
tionally rich in liptinitic particles. Only sample E plots in the gaz and
condensate field, whereas samplez A and B plot on, or near, the
boundary between the gaz & condensate and Low Wax P-N-A fields. The
higher proportions of short chained compounds in these samples are
consistent with their high vitrinite contents and low HI values of 115,
171, and 225 mg HC/g TOC, respectively.

4.3, Kinetic models of bulk petroleum generation

Bulk kinetics analyeis using non-isothermal open-system pyrolysiz
was performed to model the kinetic parameters, i.e. activation energy
distribution and frequency factor, of bulk petroleum generation. The
majority of the computed kinetic models chow activation energies in the
range of 45—70 keal/mel (Table 2, wn‘h a gauz:smn -like shape (Fiz. 6)

1ated with marine-i (Braun et al,
1991; Tegelaar and Noble, 1994). This hmnll Ep reflects large variability
in the ition of the organic intringically comprising a
wide spectrum of chemical bond types and strengths. Associated fre-
quency factors range between 2.80E+13/5 and 1.96E+16/s (Table 2).
The sample set was divided into three sub-sets according to the volu-
metrically predominant maceral (iec. marine liptinites, terrestrial lip-
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activation energy distributions, it iz apparent that the wvitrinite-rich
sample requires clightly higher activation energies than the liptinite
(terrestrial)-rich sample. This is further substantiated by Fig. 7 in which
activation energy distributions of other vitrinitic kerogens in the sample
set show dominant peaks between 59 and 61 keal/mol compared to
maxima between 56 and 59 keal/mol recorded for the terrestrial lipti-
nitic kerogens. It iz interesting to note that the activation energy dis-
tribution of the more terrestrially influenced zamples iz overall broader
than Lh: more marine influenced samples. These observations reflect the
of terrestrial organic matter
. 1987; Rcynolds

2000).

The low range of activation cnr_rmcz: in snmple L iz an oddball among
the data set. This sample iz excl 1 of terrestrial I
et exhibite a peak activation energy at 52 keal/mol, 53 keal/mol, and
54 keal/mol (Fig. 6). This attribute could be the result of inorganic sulfur
incorporation in reducing kerogen stability, as diseussed in section 4.2,

4.4. Petroleum formation and timing predictions

The derived kinetic parameters provide the basis to cstimate the

tinites, vitrinites) and an average By distribution waz
sub-set. The average E distributions are displayed in Fig. 7 for the

1 for each temperatu of bulk petroleum generation and corresponding trans-
formation ratio (TR; Fig. £). A constant heating rate of 3.3 “C/Ma was
linked to 1 to extrapolate to geol 1 heating litions. The variability

purpoee of comparing the variability in activati pail
maceral compositions.

Itis generally accepted that marine-rich kerogens often require lower
activation energies than do terrestrial-rich kerogens (i.e. type Il kerogen
wversus type Il kerogens) to generate petroleum This organic matter
dependance in the present study i= reflected in the fact that the lowest
activation energy distributions oceur in samples containing high relatlve
abundances of marine liptinitez, and increase fually with i

described in activation energy distributions and frequency factors is
manifest in the temperatures at which the onset and peak petroleum
generation oceur. In Fig. &, the onset of significant petroleum generation
(10% TR from least to most thermally stable kerogen varies from 123°C
to 144 “C. This temperature difference of up to 21 “C equates to a dif-
ference of up to 700m of burial if a geothermal gradient of 30 “C is

contents of terrestrial macerals (Fiz. &; Table 7). Samples K, H, and N, in
which liptinitez of marine origin account for 70%, 66% and 53%, have
peak activation energies at 52 keal/mol, 53-54 keal/mol and 54 keal/
meol, respectively.

The more terrestrially influenced samples G, D, and E have activation
energy maxima at 58 keal/mol, 59 keal/mol, and 60-61 keal/mol,
respectively (Fig. 6). The organic fraction (i.e. kerogen) in samples E and
G iz predominantly composed of vitrinite and terrestrial liptinite,
respectively, while the kerogen in sample D haz an intermediate

1. These rel 1y high and Lhﬁ:ercnt orders of thermal stability
are i with the iousl 1 mixtures of terrestrial and
marine organic materials. A similar temperature range of 25 °C is
observed at the peak of petroleum generation (i.e. 70 % TR), reflecting
the involvement of relatively similar eracking reactions and conversion
rates with increasing thermal stress regandless of the samples’ different
activaion energy distributions and frequency factors.

The onset and peak petroleum generation from the more marine-
influenced source rocks E, H, and N iz predicted to occur at the lowest
temperatures of 123 °C and 150 “C, respectively (Fiz. 8). The early, low-
temperature generation in these samples seems to be related with the

composition. In comparing their maceral composition and their
Table 2
Bulk kinetic (e energies and
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‘maceral (ie. marine liptinites, terrestrial liptinites, vitrinites)

energy predominant
in each sample. Vitrinite subset = A, B, E; terrestrial liptinite subset = D, G, I, J, M, N; marine liptinite subset= C, F, H, L. N.

abundance of thermally labile marine particles. Sample E, interpreted to
be enriched in thiophenic sulfur according to Fig. 5A, reaches onset and
peak generation at temperatures within the same range as the other two
sulfur-poor source rocks. Thiz indicates that in this particular case sulfur
richness has a minor impact on the iming of petroleum formation. Ki-
netic information from an average Type Il North Sea (Tegelaar and
Moble, 1994) and Tvpe 115 source rock from the Campeche Basin (San-
tamaria Orozco, 2000) are plotted in Fig. & for comparison purposes.
Petroleum generation from source rock zamples dominated by
terrestrial macerals takes place at higher temperature ranges relative to
marine-influenced sources. The onset of generation iz predicted to ocour
at temperatures ranging from 139 “C for scample G to 144 °C for cample E

(Figz. 8). The gas and 1 pr sample E displays the highest
stability at 70 and 0% (Le. i ! up to
190“C)aswdlasth:‘ 1 ure range of Thiz

the slower

rinitic type 1] kerogens.
In the case of the sulfur-rich L and J source rock samplez, onset and
pcakaux:mhnnoceurall:ast 10 “C earlier than in other samples con-
taining ble maceral b, (Fig. &). This generation at
relatively low levels of maturity could be attributed to the break-down
of weak carbon-sulfur bonds under lesz intense thermal stress (Le. O,
1986; Tissot et al, 1987; di Primio and Horsfield, 1990 Van Dolx_,ﬂ:n
et al, 2003). The lack of front-end in

rates typically associated with vit-
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Flg. 8. T rate curves from bulk kinetic models of the

zample zet. A geclogical heating rate of 3.3 K/Ma is assumed. Relevant samples
discussed in the text and coresponding kerogen compositions are displaved.
The main petroleum generation events are shown Transformation rate curves
for a typical North Sea Type Il kerogen (Tegelaar and Noble, 1994) and Type IS
kerogen from the Campeche Basin (Santamaria Orozeo, 2000) are plotted for
comparison purposes.

zample L (Fig. 6) implies that petroleum generation may have
commenced at subsurface temperatures equivalent to Tmax values <
424 °C (Table 1).

4.5. The Ph
physical properties

approach: comp ] kinetic models and fluid

The PhaseKinetics approach as defined by di Primio and Horsfield
(2006) provides the basis to predict the compozitional evolution and the
physical propertiez (i.e. GOR, Bo, and Psat) of the generated fluids with
inecreasing maturity. The five samples for M55V-Py-GC-FID experiments
were selected to represent most of the variability in maceral azsemblages
and kinetic parameters across the broader sample set. Three composi-
tional model: were constrained based on two components (Cy—Cs and

Table 2
Compositional kinetic models with 2, 4, and 14 components calculated for five
selected samples. Potentials are shown in weight percentage (wit-¥al.

D n H L N 8]
Well T125/1=1 | T22W5-2 | T229/11-1 | 743M10-1-3 | T430/10-1-3
| Depth | 1355m | 1441m | 1260m 4#4.1m 4695 m

ail 65,01 637 7.7 747 741
s 350 363 323 253 258
€1 13.1 1.1 121 9.9 96
£2408 219 222 0.2 15.4 163
CH=C1S 44.9 45 ars 434 477
Cls 20,0 183 248 313 264
cl 131 14.1 121 95 946
2 EX 6.4 54 44 £
3 6.1 57 58 46 45
iC4 12 L6 L1 Lo .8
BC4 37 41 37 29
iCs 25 21 15 20
e 28 23 23 24
6 42 39 37 40
C7=15 40.8 41.5 39.2 395 4.7
CI6a25 16.5 157 203 230 03
C26m35 i 23 37 57 47
C3is 05 0.3 07 18 L1
C46-55 (3] .0 0l [ .2
C56m800 (1] 0.0 0.0 0.3 0.1
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Cg, ), four components (Cy, Cx—Cs, C—Cya, and Cy5, ), and 14 compo-
nents (Cy, C, Ca, i-C4, B-Cy, i-Cs, B-Cs, 1-Cg, C7-C5, C15-Case Co—Ciso
Ca6—Cys5, Cag-Css, and Cgg—Cag) (Table 3). The compositional kinetic
models with 14 compenents are presented in Fig. 9.

Hydrocarbons with six or more carbons (>Cg,) comprse 63.7 to
74.7 wi3 of the total pyrolysates (Table 3). The remaining pyrolvsate
vicld is composed of gascous hydrocarbons (€;—Cs). These composi-
tienal attributes chow that the studied samples are capable of generating
fluid and, in less proportions, gassous hydrocarbons. Source rock sam-
plez N and © from well 7430/10-U-1 have the highest liquid generative
potential with 74.7 and 74.1 wit%%, respectively, but possess different
kerogen maceral compositions. The zhall sample inc about
equal amounts of marine and terrestrial liptinites (53% and 47%,
rezpectively), while the deeper sample contains mestly terrestrial lip-
tinite (73%; Table 1). Samples D, L, and H generate comparatively lower
proportions of liquid hydrocarbons (65, 67.7 and 63.7 wi3, respee-
tively). Sample H featurez an <l 1 abund of ine-derived
liptinites (66%) and similar amounts of vitrinite and terrestrial liptin-
ite, whilst samplez D and L poesess excluzively terrestrial macerals in
comparable proportions.

The n-Cy-Cys, fraction constitutes most of the liquid pertion of these
Low Wax P-N-A oils (Table 3). Nevertheless, a elocer look at the 14-
component compositional linetic models reveals distinet generative
potentials within the liguid fraction. The lighter C7Cy5 liquids in the
least oil-prone samples D, H, and L account for 62.1, 67.6, and 69.7 wit%
of the n-C7-Css compositional fraction to lower values of 58
and 63.6 wi3 in the most cil-prone samples (ie. N, O). A waxier char-
acter of the moet oil-prone zamples iz also manifest in a relative
enrichment in the heavier Ca5—Cas and Cag-Cgg potentials (Table 3).

Predicted GORs, Pa, and By of petroleum fluids increase as a fune-
tion of increasing TR in all eases (Fig. 10; Table 4). The H souree rock
sample exhibits the highest GORs at all transformation ratice (Fig. 10A).
It generates black oils (GOR < 350 standard m3/m3) at TRe of 10 and
70% and light oils (350 < GOR <600 m3/m3) at TR of 90%. Addi-
tienally, this sample displays the highest gaz generative potential (36.3
witdt; Table 3), which is consistent with the high GORs, Py, and B,,. The
remaining samples display consistently lower GOR values with only
black cils generated, exeept for some potential for light oils at late TR in
sample D. Thiz increase in GOR at higher conversion rates can be
accribed to either late generation of primary gas resulting from the
breakdown of thermally stable vitrinites or to the initiation of secondary
cracking of trapped gas with increasing thermal stress (Dieclmann etal |
1998). The most oil-prone samples from well 7430,/10-U-1 (N and O)
generate petroleum fluids with the lowest GORs, Py, and B, values in
thiz data set (Fig. 10; Table 4). This condition is consistent with their
comparatively low gas generation potentials (25.3 and 25.9%, rezpee-
tively; Table 3) and their waxier compocition.

5. Discussion: organic facies variations and their impact on
petroleum generation in the Barents Sea

5.1. Vertical organic facies variations

Pyrolyzis data from well 7125/1-1 in the Nysleppen Fault Complex
llustrates variations in thermal stability and geochemical compesition
mherited from differences in organic facies (Fiz. 11B). Peak activation
energies occur between 55 and 57 keal/mol and 59-62 keal/mol in the
marine liptinite-rich (1380m, i.e. sample F) and the vitrinite-rich sample
(1368m, ie. zample E), vely. Az a of the strong
vitrinitie input, the latter zample has the potential to generate gaz &

lensate, wh the ing liptinitic k (ie. D, F, and G)
generate intermediate, P-N-A low wax oils (Fig. 5). The bulk of the
organic fraction throughout well 7120/10-1 consistz of land-plant
derived materials with bl tion p ials (e.g. similar
HI walues) and peak activation energies at 59-60 keal/mol (Fiz- 11A). A
moderate increase in the content of marine macerals at 1482m (i.e.
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sample C) causes the activation energy distribution to peak at 55-56
keal/mol, and hence, 70% conversion takes place around 10 “C earlier
relative to the vitrinitic samplez A and B (Fig. &)

Organic rich chales sampled at various depths from well 7227,/8-U-3
in the neighboring MNordk Basin also dizplay iderable dif
in pyrelysis results relative to each other and with respect to other wells
(Fiz. 11C). The deepest, marine liptinite-rich sample (i.c. K), predicted
to generate culfur-rich, P-N-A low wax oils, exhibitz a dominant acti-
vation energy peak at 52 keal/mol and accordingly generates at one of
the lowest temperature in the data set (Fig. 8). This sample has a rela-
tively low HI value of 258 mg HG/g TOC given its elevated content of

marine liptinites (Table 1). The Es distribution derived for the shal-
lower, more terrestrially influenced samples at 44m and 39.9m (i.e. J
and I} shows dominant peaks in the range of 57-59 keal/mol. These clay-
rich rocks have the potential to generate intermediate, P-N-A low wax
cils. Nevertheless, the sample at 44m produces a relatively higher con-
tent of sulfur-containing hydrocarbons (Fig. SA) and starts generating at
temperatures az low as those observed mthc mere marine, sul.ﬁ.lrrlch
cample K (Fig. 5). The ol 1 of culfur-bearing eom-
pounds were interpreted to result from diagenetic sulfurization of the
organic matter brought about by sulfate reducing bacteria in anoxie
settings. Changes in redox conditions triggered by the intermittent
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Table 4
Fluid properties as a function of increasing maturity caleulated from micro-sealed sealed vessels (MSSV Closed System Pyrolysis) experiments for five
zelected samplez.
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Fig. 11. Vertical variations in maceral composition and bulk kinetic

within the F

at three different well locations: A. 7120,/10-1

southem Hammerfest Basin; B. 7125/1-1 = Nyzleppen Fault Complex; C. 7227/8-U-3 = Nordkapp Basin. TOC = total organic carbon - wi%; HI = hydrogen

index — mgHC/gTOC; Tmax = Tmax Rock-Eval - °C.

growth of salt-diapire in the Nordkapp Bazin (Rojo et al., 2019; Cedenio
et al, 2019) may have led to different degrees of sulfurization and
hydrogen losses in the studied samples (Cedenio et al., 2021).

5.2, Sub-regional te regional organic facies variations

The documented variability in organic facies resultz from local to
sub-regional geological and oceanographic controls on the sedimenta-
tion of organic-rich units across the Barents Sea (Cedeno et al, 202]).
This ubiquitous heterogeneity cannot be described by bulk and quanti-
tative pyrolyzsis analysiz of just a few samples at different depths. Even
more closely-spaced sampling intervals would only partly reproduce
such variability. The current study assigns pyrolyeiz rezults from this
data set to areaz with comparable average maceral compesitions from
the sul 1 to regional ct ; of organic facies by Cedefio
et al (2021; Fig. 2). This approach, although still uncertain, iz able to
more statistically and usefully reproduce changes in kinetics and pe-
troleum type predictions. It i1z also important to point out that some of
the pyrolyzed source rock samples in thiz data set come from wells
drilled near structural highs (ie wells 7231-1-U-1, 7227/8-U-3,
7125/1-1; Fig. 2) or from well sections interpreted to have experienced

substantial organic matter dilution during sedimentation (ie. well
7120/10-1; see Fig. 4 in Cedeno et al,, 2021); therefore, the generative
potential in these areas may, to varying degrees, be less than that in
deeper, more anoxic settings.

The maps in Fig. 12 illustrate the variations in kinetic models of bulk
petroleum generation within the Alge and Krill members. The marine
liptinite-rich shales of the Alge Member in the central Hammerfest Basin
and their more terrestrial liptinitic equivalente to the west require the
use of kinetic data derived from labile kerogen assemblages, similar to
those in samples H and N (Table 2; Fig. 12A), respectively. According to
the assigned parameters, the Alge Member in these inal-to-
thermally mature areas has the potential to it 1 low
wax P-N-A cils with overall low GOR (ie. black oilz). The high average
contents of marine liptinites within both the Alge and Frill members in
the Bjsrngyrenna Fault Complex, whos bined cumulative thicl
exceeds B00m (Marin ct al., 2020), permits the usc of kinetic propertics
from zample H. Kinetic information from a more intermediate
marine-terrestrial sample, and therefore a moderately more stable
kerogen type (i.c. sample C), iz assigned to the Alge source rocks in the
MNyzleppen Fault Complex as well as in the castern margin of the Ham-
merfest Basin (Fiz. 12A).
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Flg. 12. Map of the southwestern Barents Sea illustrating the variability in kinetics models within the Alge (A) and Erill (B) members. Results from the current data

zet are aszigned to areas with comparable maceral compositions from the

to regional ization of organic faries by Cedeno et al., 2021.

The organic fraction within the Krill Member across most of the
Hammerfest Basin consicte predeminantly of vitrinite and terrestrial
liptinites (Fiz. 12B). Thus, kinetic parameters deseribing the primary
cracking from thermally more stable land-derived kerogens, like those in
sample D, are suggested. These type 111/11 source rocks are expected to
generate intermediate, black oils of a P-N-A low wax compoesition with
P ially light oils 1 at 90% transformation. The kinetic
wariability between the kerogen types assigned to the Alge and Erill
members in the western-central Hammerfest Bazin covers a temperature
range of approximately 20 “C for the commencement of petroleum
generation (Fiz. &). This shift in organic constituents within the Ham-
merfest Basin reflects the regional flooding that peaked during Alge
timez and subsequent sea level drop during Frill times.

Sources rocks of the Alge Member in the eastern Finnmark Platform
feature maccral asscmblages comparable to those within the Krill
Member in the Hammerfest Basin (Fig. 12) and, therefore, assigning the
kinetics derived from sample D seems logical. However, the pyrolysate
of cample L from well 7228/11-1 in the eastern Finnmark Platform
contains a high relative abund of sulfur-bearing !
implying the existence, at least locally, of thermally less stable type 115
kerogens. Although both D and L samples have the potential to generate
low wax P-N-A, black cils, the onset of generation in sample L takes
place approximately 17 “C earlier than in sample D (Fig. &), challenging
the use of either set of kinetics. Addifionally, it is poesible that the sulfur
content, and so the thermal stability, varies throughout the section as
was the case in well 7227/8-U-3 from the Nordkapp Basin. This study
provizionally assigns kinetics from an ically compa-
rable source rock sample with a sulfur content that iz intermediate

between sample L and D, that is, sample J.

The kerogen in both the Alge and Krill membere within the Finger-
djupet Sub-basin and the Trom k Fault Complex iz composed
mostly of hydrog lz, which are at best only gas &
condensate prone. In this case, linetic parameters characteriztic of the
thermally very stable vitrinitic keregen in sample E are suitable. Gas and
condensate prone source rocks alee occur within both members at some

localities along the } fest Basin-Loppa High boundary.

poor vitrinitic

6. Conclusions

The investigated organic rich samples from the Hekkingen Forma-
tion contain varying proportions of kerogen type Il and l1l, az demon-
strated by their hydrogen rchneszs and maceral assemblages.
Hetcrogencitics in the kerogen composition result in different orders of
kinetic stability, with the predicted onset of petroleum generation
spread over a relatively high and wide temperature range from 123°C to
144 “C (at 3.3C°/Ma). This temperature range equates to a difference of
up to 700 m of burial if a thermal gradient of 30 “C iz assumed.

With a few exceptions, the variability in activation energy distribu-
tions, and so in kerogen thermal stability, rezults from variations in the
kerogen maceral composition. Marine liptinite-rich zamples chow a low
and narrow range of activation energies relative to the higher and
broader range deseribed for the more terrestrial samples. Reduced
kerogen stability 1 with el 1 sulfur iz
in a few samples.

The majority of the investigated samples have the potential to
generate low GOR oilz of an intermediate to aromatic, low wax P-N-A
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composition along with variable amounts of wet gas in the range of
25-35%. Petroleum of similar compoesitional and phyzical properties is
licted to have been 1 from the natural maturation series of
warious organic facies in mature areas of the Hammerfest Basin, the
Ringvassey-Loppa High and the Bjgmgyrenna fault complexes.

Upon maturation, it iz likely that discreet intervals in the Nordkapp
Basin and eastern Finnmark Platform may generate high-sulfur, low wax
P-N-A oils with low GOR. Vitrinite-rich sources in the Fingerdjupet Sub-
basin and the Troms-Finnmark Fault Complex have a potential for gas
and condensate generation at late maturities.
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In the narthern North Sea, the Upper Jurassic Kimmeridge Clay (KC) and its equivalents in the Norwegian ssctor
(Le., Mandal, Tau, and Draupne) are the mest profific source mcks. These source rock umits are known to record
bath Lateral and vertical heterageneity in ceganofacies with increasing terrigenous organic inputs near highs and
basin flanks. Existing interpretations rely predominantly on Bock-Eval data, bat oaky a few anthars validate their
geachemical interpretations with maceral assessments. In this study, Upper Jurassic source rocks from foarteen
wells in the northern North Sea were analysed for bath arganic petrography and geochemistry, A potential
correlation between the maceral compositions and Rock-Eval, total arganic carbon (TOC), and stable carbon
istopes (saturate and aromatic fractions) of source rock extracts was established. This comelation suggests that
carbom isctopes mirmar the arganoficies, and inferred redax conditions during sedimentation, described for the
studied spurce rocks,

Stable carbon isotopes of the saturate and aromatic fractions for 152 vils distributed across the Norwegian
Morth Sea were compared to biomarker compounds sensitive to precursor organic material and oxygen abun
dance in the sedimentary environment. A correlation consistent with that observed betwesn stable carban iso
topes and arganofaciss d ed for the d source rocks is abo cbservable in the vl dataser, Hence,
the stabile carbon isotape composition of the ails in the North Sea dataset appears to cury information related to
the bulk organafacies and redox conditions prevailing during the sedimentation of their source. Oils often reflect
the compositional attribates of their parental sources more efficiently than a single, or a set of rock extracs.
Therefore, the stible carbon istopss of migrated ails provide a means of inferring gross organofacies and redox
conditions within different sowrce rock kitchens in the study aresa,

1. Introduetion intervals are generally leaner and more terrigenous influenced in the

vicinity of stuctural highs. The Late Jurasic marine transgresvion

The Upper Jurazsic Kimmeridge Clay (KC) and itn Norwegian
equivalents (i.e., Mandal Tau and Draupne) are the most prolific pe-
roleum source rocks in the northern Nosth Sea, sourcing the majority of
the Belds (Bamard and Cooper, 1981; Comford, 1995). Their impor-
tance az patrol d numercus studies focuzing an
amemzing the vasiability in depositional i and i
potential (e.g_, Huc et al_, 1985; Thomas etal , 1985; Gooperetal | 1955;
laaksen and Led; bala et al, 2005; Keym et al, 2006;
and Dahl, 2005; Justwa al , 2005; Petersen ot al | 2
et al, 2017; Ponsaing et al, 2018; Minch et al, 2019;
2020). These authors repart the KC equivalent formations to record both
wertical and lateral organafacies variations. Carnford (1993), Justwan
et 2l (2005), and Rosaland et al. (2013) conclude that the organic-rich
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rezulted in extenzive anoxia and deceased clastic inputs, favouring
accumulation and preservation of preferentially marine biomas (Huc
et al., 1935; Cooper et al, 1985). Consequently, the uppermost interval
in enriched in marine erganic matter relative to deeper bedz. The stacked
source rock system has the potential to genesate a wide spectrum of
products ranging from gasz, gar condenzate, and waxy oils from the
terrigenous rich intervals and light oil from the marine dominated in-
tervals (laaksen and Ledje, 2001; Justwan et al | 2005; Ponsaing et al |
201B).

Mozt publicshed studies concerning the petrolenm generation poten-
tial and, impartantly, the compocition of the organic matter of the Upper
Jurazsic source racks rely on Rock-Eval pyrolysiz. This type of analyzis iz
a fazt way of gaining infarmation regarding the quality and generation
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potential of a given source rock sample (Peterz, 1536), but lacks detailed
information about the actual organic precursors (Barnard et al., 1981).
Likewize, Rock-Bval results may be obscured by factorz such az the
prezence of solid bitumen, oil based mud (0OBM), mmgnmdhydro—
carbonz (Clementz, 1979). Maceral ic the

Marine and Pemroleum Geology 145 (2022) 105856

an overview of the lateral and vertical variability in organofacies and

zource rock potential.
To tese if the variations in faciez ob d in the analysed
zource rocks are reflected in the hemical i of oilz, 20

mdeoﬂl&m:thmweghnNoﬂhBumnmphdaﬂdanﬂynd

mofmg:keompoumofnhd organic p ;!

in organic-rich sedimentz. lnrlumdyuu,bnvrevu :hmxtadnnmber
of references report maceral positi and, when l, only a
few selected samples are discussed (e.g., lszksen and Ledje, 2001; Ziega
et al | 2017; Misch et al | 2019).

Several authors have interpreted the variability in the compozition of
lnblgmbonmpuofNonhSeamhwuﬂmdungﬂmdxva-
portions of marine and i organic ded in the
Upper Jurassic shales (e.g., Orantham et al, 1980; Huc et al, 1985;
Schou et al, 1985; Northam, 1985; Langrock et al., 2003; Justwan et al.,
2005). lzotopically light oils (i.e., —30 to —25%; Langrock et sl 2003)
are interpreted to have originated from source rock facies dominated by
marine organic matter, while comparatively heavier oils (ie., —25 to

dytical danfnwlSZodlpubhdy:vaﬂaHemduh&egx:md

'z (1ah N gian P

(N'PD) Norwegun Nonh Sendxnhu(htrp:,,xzdnl com/news/official
b was alzo employed.

Thﬂeddauhuemndamahxge: hic area than the analysed

source rocks and, therefore, provides an inzight into the gros:z sourcing

organofacies in areas where pertinent source rock data iz absent.

Geoch

2. Qeologieal zetting of Upper Jurassic source rocks

TheNartbSuhmuapon—&kdmmbenmﬂ'm—edL
1996). The pr sed during two
mmmlphm d::Pemo-Trum:nftm;ndthiddk

—20%e; Langrock et al | 2003) are i d to have d from
terrigenous rich source rock facies.

Thiz study collected 60 Upper Juraszic source rock samples from 14
wellz acrozs the northern North Sea, including samples from the British
and Norwegian Central Graben, Ling Depression, Egersund Bazin, Viking
Onben,'l'mapur,mdﬂardl?hiom(?w 1). The samples were

d for ial (ie., total organic
mbenﬂOC]andRod&M),mbkmbonmbpa,ndmxenlmd
mnen.leonum ). L i ofdte ired hemical
and ic dats with logical aszists in duci

ic-Barly C: sifting (Ziegler, 1992), followed by thermal
:oolmglndmbndme (Badley et al., 1985; P=rseth, 1996). During the
Middle Jurassic to Barly Cretaceous rift phaze, a major marine trans-
gression flooded vast areas of the shelf and triggered a rapid shift from
fluvio-deltaic to deep marine conditions (Nittved: et al, 1995; Mannie
et 3l 2014; Frazer et a1, 2002). During this time, organically enriched
zhales were deposited over the transgressed chelf. These clastic deposits

ise the Kimmeridge Clay and equivalent f Sons in the Noz-
‘wegian sector: Mandal, Draupne and Tau formations (Figs. 1 and 2) and
i the North Sea’s primary source rocks (Gautier, 2005).
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Fig. 2 Chranaostratigraphic chart of the Kimmeridge Clay equivalent formations (Mandal, Tan and Draspnc) in the Norwegian North Sea. The areal distribution of
the different formations is outlined in cilours. Modified from NPD (2014). (Far interpretation of the references b colour in this figure legend, the reader b referred to

the Web version of this article.)

2.1. Kimmeridge Clay Formation

The Ki idge Clay P one of the most prolific
source rocks in the UK North Sea. The deposition of thiz mudstone-
dominated unit took place within a series of tectonically controlled
bazine separated by structural highs (e.g, Ziegler, 1982; Scotchman,
1668, Dschmann, 1937) spanning fram the Kimmeridgian to lame Rya-
zanian. These organicrich sedimentz contain  autochthonous,
algal-desived organic matter mized with varying proportions of
allochthonous, terigenous components supplied by the suwrrounding
highs (Macquaker and Ozwtharpe, 1995). In the Norwegian sectar, the
Mandal, Tau, and Draupne formations are equivalent to the Kimmeridge
Clay Formation (Fig. Z)

2.2, Mandzl Formation

In the Norwegian Gentral Graben, sovrce rochs of the Mandal For-
mation (Fige. | and 2) are beoadly acknowledged az the major contzib-
uter to the petroleum accumuolations. Thiz unit consizt of claystones
depogited in 2 marine environment with anoxic bottom water conditions
during the Volgian to Ryasian. The organic matter iz predominantly
composed of marine algal material: commeonly regarded a2 kesogen
Type II (Ziegs 2t al, 2017; Misch =t al, 2019). Episodes of increased
terrigenous inputs and coarser sediments sporadically eccur within this
unit az a consequence of erozion and re-depocition from the graben
flanks and zali-related structures regulting from the reactivation of
Zechatein evaporites (Tiegler, 1953; Rosaland et al | 2015; Tiegs et al.,
2017; Misch et al,, 2019). The average TOC iz 5wt with values as high
az 12 wi% and average hydrogen index (HI) of 273 mg HC/g TOC and
516 mg HC/g TOC in the Spgne Bazin (Zizgs et al | 2017), but may have
values between 124 and 650 mg HC/g TOC (Cornford, 1994; Petersen
et al, 2013)

2.3. Tou Formotion

The Tau Pormation (Fizz. 1 and 2) cccwrs in the southeastern part of
the Norwegizn Nocth Sea. Deposition of this unit occurred during the
Fimmeridgian to early Volgian under anoxic marine environments
extabliched over an area affected by the Late Jurasmic rifting event
(Kalani et al | 3020). The Tau Pormation connicts of organic rich shales
with TOC values in the range of 2 and 13 wt¥ and HI values in the range
of 350-800 mg HC,'g TOC (Ritter er al | 1957).

2.4. Draupne Pormation

The Draupne Formation (Fige. 1 and 2) iz regarded az one of the main
ik to the patrol ulations in the Viking Graben. Thiz

clay-dominated unit d=posited during the time period spanning from the
upper Oxfordian to Ryazanian in marine environments with increasing
anoxia towards the top (Johansen et al., 2002). The depositional envi-
ronment was locally affected by extension and fault rotation and thus
development of major footwall idlandz (e.g., Nicvedt et al, 2000; Ohm
et al, 2006, leading to coarer sediments and increased terrigenous
organic inputs (Thomas et al, 1945; lzaksen and Ledje, 2001; Justwan
et al., 2005). Several authors (e.g., lzakoen and Ledje, 2001; Dahl, 2004;
Justwan et al, 2005) have subdivided the Draupne Pormation into a
lower ayn-rift section and an upper poat-rift section. The lower section,
having an age of upper Oxfordian to lowes Volgian, is thicker fran the
upper unit (Dahl, 2004; Justwan =t al., 2005). The upper section waz
deposited from the middle Vaolgian to Ryasamim and i ocganically
richer than the lower section (Frazer et al, 20032; Dahl, 2004; Justwan
et al, 2005). The lower Draupne section records average restored TOC
and HI values of 4.1 wit% and 234.2 mg HC/g TOG, recpectively. The
average restored TOC and HI values of the upper Draupne section in the
Viking Graben are 5.3 wtd% and 300-450 mg HC/g TOC, respectively
{Juztwan et al., 2005); however, TOG values up to 12 wt% and Hl up to
600 mg HC,/g TOC have been reparted (Goff, 1985; Thomas et al., 1985;
Justwan et al.,, 2005).

3. Data and methodology
3.1. Dobaset

A total of 60 source rocks from the KC and equivalent formations (i
e., Mandal, Draupne, Tau) were sampled. Twenty-fve KC ramples wers
collzczed from four wells in the Britich Central Graben and 33 zamples
were collected from the ten wells in the Norwegian North Sea (Fig. 1;
Table 1). Sampling of wells in the Norwegian and Britich sectomz wan
conducted at the NPD and Stratum Reservoir AS, Stavanger, Norvway,
and at Core Lab in Abeardesn, UK, recpectively. Core sample: were pri-
aritized, but cuttings were sampled for denser vestical coverage. All
zource rock samples were submitted for both chemical and petrographic
analyzez. From the Norwegian North Sea, 20 crude oils were zampled
and analyzed for stable carbon isokopes of the saturate and aromatic
fractions, az well as for zar chromasography (GC) and gz
chromatography-mass specrometry (3C-M3). Additional analytical
data for 132 oils was retzieved from the 100's NPD database (hit
giltd com /news, official-release-of-igis-npd-norwegian-north-cea

pa
-databape) for broader coverage of the Nomwegian Morth Sea (Table 20

5.2 Anclyzes

The source rock samples were analysed for organic carbon content
(TOC) and generative potential (Rock-Eval) and extractzd for stable
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Well locations, rumber of cxmples, and sampling depehs. Sample depths in italic represent core samples. Clry = Country, No=Norway, UK=United Kingdom M =

Mandal Fm, T = Tan Fm, D= Draupne Pm, KCP=Kimmeridge Clay Fm.

cry  Coordimates Well Locarion Fm ¥ of samples  Samgple degeh (m)
x ki
N S01663.54 G306709.14 216 Cod Tesrads M 5 4115, 4127, 4147, 4153, 4161
Mo SIGEEI48 624333631 /7268 Feda Graben M 4 4720, 4750, 47EI, 4510
Ko 452016.11 &3959620.83 7/41 Jaren High M 3 2976, 2981, 29887
N SE3043.78 6416242.45 922 Egersund Basin T 4 29G4, 2991, 2021, 2054
Mo 4TOAED.2E  GELIG4RTE  16/Z13A  Ussie High D 2 2588, 2505
N 545641475 &531280.15 17731 Aygarden Fault Complex T 2 2331, 2337
Neo 47EE70.96 661 865796 552 Heimdal Terrace o 5 3020, 050, 070, 3100, 3120
Ko EOITI4.55 EPOSG25.47 31/46 Bjrgvin Arch o 2 2125 2133
Mo ESeEIAEY  GTOTEIRAD 3163 Stoed Basin D 4 13B0EE, 1400-00, 1425.30,1 485-90
Ko 45029976 ETIE000.43 3471 Tampen Spur o 3 2552, 2570, 2580
UK 434004682 &27TT04.92 29152 Curlew-Pufln Pladfeem KCF 3 4587, 4621, 4648
m 46262447 &3DEES5.TR 30/ZA-6 Bredflabb Basin L= 4 5330, 5162, 5273, 5291
ux AEI36.08 6284626.88 3081 Feda Graben KCF B 3716, 3743, 4191, 4246, 4292, 4392, £462, 4478
= 47266152  GITEI2TI 304133 Feda Graben BF 11 3001, 3032, 3063, 972, I8, 3900, 2996, 4008, 4017, 4026, 4036

carbon isotope meamrements. All analyses were pesformed by Apglied
Petrolenm Technalogy AS (APT), Osla, Norway, following the Norwe-
gian Induztry Guide to Organic Geochemical Analyziz (NIGOGA; Weise
et al, 2000). Maceral and mineral counting was performed by the RPS
Group Inc, Kenmeky, USA.

8.2.1. Maceral and mineral counting
.

10% of the extract was transferred to a pre-weighed bottle and evapo-
rated to dryness. The amount of extractable organic marter waz calcw-
lated from the weight of thiz 10% aliquot.

5.25. Deasphalting and quantitive medium performanee liquid
chromatography
Before oil and source rock extractz could be further analysed, the

To determine the maceral and mineral position, the rock
were crushed to pass through a 16-mesh sieve. The resulting material
waz embedded in thermoplatic epoxy in 2.54 cm moulds, whick were
laft owernight to harden. These palletz were further ground and paliched
according to ASTM standards (ASTM, 2011). The samples wese then
investigated in white and UV-light using 2 Zeisa Axio-Scope A1 2t 500x
(50x ayepiece, and 50x objective) in immersion oil. An X-Cite 120 LED
light source provided with white and UV-lighs A proprietary automated
point-counter attached to the stage of the Zeizs Axio-Coope, was uzed for
the paint-countz, where the macerals and minerals vere identified under
the crone-hairs. Data of the maceral and minerals were captured using
proprietary software; when 2 count war made, the computer and
motorized stage automatically moved step-wize to a new, random field
of view. A minimum of 300 counts were made of maceral: and minerals
for each sample. To obtain a statistical maceral dataset counting
continued until 100 maceral particlez had been regiztered. The recolu-
tion of the microzcope waz 1 pm (=1 jm)

3.2.2. Rock-Eval

The Rock-Bval analyziz was performed nzing a Rock-Bval 6 instru-
mext for direct measurement of free kydrocarbons (511, remaining hy-
drocarben generative potential (52), carbon dioxide (CO2) content
produced during thermal eracking (55), and temperature of 52 maxima
(Tmax; Espitaliz et al, 1977). The pyrolyziz program stasted at 300 °C
(held for 3 min) followed by an increased to 650 °C at 25 "C/min_

3.2.3. Total organic carbon (TOC)

For TOC amalymiz, the ramples were first meated with diluted hoy-
drochloric acid to remove carbonate mineralz and then combusted in a
LECO 5C-652. The quantities of carbon in the sample was measured 2z
carbon dioxide by an IR-detactor.

8.2.4. Bxtraciion

The source rock sample: were extracted by wring a Soxtec Tecator
instrument. Thimble: were pre-extracted in dichloromethanes with 74
{volfval) meshancl, 10 min boiling and 20 min rinzing. The samples
weare weighad and boiled for 1 h and ringed for 2 h in approximately 30
cc of dichloromethane with 7% (wol/voll methanol. Copper blades
activated in concentrated hydrochloric acid were added to the axtrac-
ton cups to cause free culphur to react with the copper. An aliguot of

= l=z were dearphaltad and 1 inta 1 . and
asphaltens fractions. Por deasphalting, the aliquotz were evaporated to
almost dryness before 2 small amount of dichloromethane was added (3
timez the amount of axtractable organic marter (EOM)). Pentans waz
added in excess (40 times the volume of BOM/ 0il and dichloromethane)
and the solution was stored in a dark place for 12 k before the solution
waz filtered or centrifuged and the weight of asphaltenss meazured.
Following, the saturate and aromasic fractions were separated employ-
ing the medium performance liquid chromatography (MPLC) zet-up 2z
deacribed by Radke et al (1980].

5.2.6. [zotope of somrate and cromatic fractons

The stable carbon isotope analysis of the saurate and aromatic hy-
drocarbon fractions was: performed wsing a Thermo Picher Scientific
Elemental Analyser held at 1000 *C, increazing to 1700° C a0 a rezult of
the excem supply of oxygen to help flach combuat the camples. Water
waz trapped on magnesium perchlorate, and a colomn separated CO=
flached into Delta ¥ Plue IRMS (lzotope Ratio Masz Spectrometer via
Coaflo V).

5.2.7. Ou: chromatography (0C) of whole oil

Whale-ail gas chromatography waz performed on an Agilen: 7890
gax chromatograph coupled with 2 Hewlett Packard PONA capillasy
column (50 m = 0.2 mm, film thicknes: = 0.50 pm). Oven temperature
was programmed to run from 30 °C (held for 10 min) to 60 °C (held for
10 min] at 2°C/min, then rise te 130 °C at 2 °C/min, and finally increaze
to 320 °C at 4 °C/min (held for 25 min). A constant flow of hydrogen
carrier gaz waz uzed through the entire gas chromatographic ron and 2-
heptens waz uged a2 an internal standard.

3.2.8. oz chromatography—mazs specromeny (GC-M5) of saturate and
aromatic fraceions

Gas chromatography-mass spectrometry (3C-MS) of saturate and
aromatic fractions of whole ails were analyoed wsing 3 Thermo Scientific
DPE (double-focuzing ovstem) high-reselution gas chromatogra-
phy-mam spectromesry nstrument (GC-HRMS) from ThermoPisher.
The inctrument waz tuned to 2 recolution of 3000, and dars was acquired
in selected ion recording (SIR) mode (0C-MS SIR). A CP-5il-5 CB-MS
capillary column (60 m .25 mm, film thickness = .25 pm) was
employed. Deuterated sterane (D4-2700R) was used ac an internal
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standard for the saturate fraction and D8-raphthalene, D10-bipheayl,
D10-phenanthrene and D1 2-chryzene were used for the aromatic frac-
ton. The oven starting temperaturs waz 50 °C and was programmed to
rize from 50 °C to 1207 C at 20 °C/min, and then from 120°C to 320°C at
2 °C/min (held for 20 min). For the saturate fraction, ione with masa/
charge {m/2) ratios of 177, 178, 191, 217, and 213 were menitored in
bath: peak height and concentationz. Az for the aromatic fraction, jons
with m/z rados of 178, 154, 192, 188, 231, 245, and 253 were moni-
tored. The concentration of the peaks were used to calculate the by
drocarbon and biomarker ratios for the amalysed oilz It chould be
mentioned that the datazet provided by the 1G] and NPD haz been
collected aver many years. Thuz, the analyzes have been conducted in
several different laboratories, which may increace the uncertaingy of the
datazer Values in the datacet represent a mixture of peak area and peak
height. Thiz, howewver, ia not belizved to comprize 2 problem as values
uzed repregent ratios.

4. Results and diseussion

4.1. Source rock
4.1.1. Thermal maturity

Rock-Bval Tmax values generally lower than 435 °C (Table 3; Fig. 3)
indicate that most source rock zamples are thermally immature for pe-
trolenm generation (Peters et al | 20052). Tmax values between 455 and
445 °C for some samples from wells 29/15-2, 30/2a-6, 30,/8-1, 30,/13-3,
2/1-6, and 9/2-2 suggest eacly mamrity stages. Higher Tmax values of
up to 450°C in samples from well 2/1-6 are indicative of intermeadiate to
Iate generation ctages (Peters et 3l, 20052). In the Cantral Graben,
sample depths are generally greater than 3700 m, which iz within the
temperature range estimated for the early oil window 2z calibrated by
Spencer et al. (1986) and Comford (1994) for the Central Graben. Peak
oil and late oil window temperatures occur, according to the zame au-
thars, at depths of abour —4000 and —4200 m, respectively, while gaz
window temperatures occur at deptho greater than 4500 m. Pig. 4 di=-
playz the thermal matority distribution to the top of the Upper Juragzic
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source rocks in the northern North Sea after Pegrum and Spencer (1990).
The zource rock sampler collected from the Central Graben wellz (i
=, 207152, 30/23-6, 30/8-1, 30/15-5, 2/1-6, 2/7-255) do not follow
the aforementioned trend. Interestingly, sediments sampled at depths
greater than 4000 m exhibit Tmax values [—420-445 °C) that are
conzistent with immature or early oil window stages (Peters et al,
20052). However, the thermal maturity map of Pegrum and Spences
(1990) indicates that the Upper Jurasic rocks in the Central Graben
presensly lie within the light oil/condenzate or gas windows (Fig. 41
Yang and Horefield (20200 describes several reasons for depresmed Tmax
values az obeerved in the presentsd datagset. Among these, the carry over
affect of heavy oil or heavy bitumen may be a pocsible explanation, 2z
heavy oil or bimmmen are not always removed at 300 “C. In these cazes,
they are carried over into the 52 (Clementz, 1979), which represents the
remaining hydrocarbon generative potential (Ezpitali= =c al, 1977),
shifting it to lower temperature (lower Tmax). The heawy oil and
bitumen may result from drilling additives, migrated- and/or in sitm
hydrocarbons (Goncalves et al | 2013; Kus et al | 2016). The NPD fact
pages confirm that the sampled interval in well 2,7-255 was drilled with
OBM. For the UK wella no infarmation regarding mud type used dusing
drilling iz revealed. The high production index (PI) valoes (=0.40) at
low Tmax temperatures seemingly support thiz suspicion about the
depressing effects of OBM, migrated- andfor in sim hydrocarbons
{Pig. 3). Clemen= (1979), Petera (1936) and Petersen et al (2017)
document that contamination with OBM, migrated, and/or in sitr oil
may produce a choulder adjacent to the 52 peak in the 350450 °C
‘temperature range, thuz affecting the accuracy of Tmax and Hi values. In
the dataset, 52 shoulders are observed om several pyrograms from
samplea with a kigh PL Fig. 5A dizplays a prononnced 52 peak vhile
Fig. 5B displays an incipient 52 peak, hence implying poszible contam-
ination with OBM, migrated- and ‘er in siz hydrocarbons.
Carvajal-Ortiz and Qentziz (2015) and Rodrigues and Kars (2021)
suggest that OBM contamination can be the reason for the high TOC
valuez relative to low concentrations of organic materialy (L=, maceralz)
in their Bagle Pord dataget. In this study, such condition iz dizplayed by
some samples from the Central Graben (Fig. 6). Because contamination
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Fig. 4. Map shows estimates of the different hydro.
carbon windows at the top of the Upper Jurassic

Maturity source rock system. Modified from Pegrum and
Spencer (1990). The authars modelled this matarity
for the Base Cretaceous, thus, this figure shows the
Oil Window maturity of the top source rock interval (i.e., mini-
61°0°0"N mum g to the wvitrinite
- | rrlletﬂn:e(*ka 006%Rn immature, 0.6-1.0 %
Light OilCondensate Ro = ail, 1.0-1.3 %Ro - light ail/condensate, 1.3 %
Ro = gas). The Pie charts show the average maceral
= compasition per well, The d.l\:lelmnnd the pie charts
Cias Window hels estl # g 0 the
S0P00"N Tmax in Fig. 3. BCG= British Central Graben, NOG—
Iamadere Norwegian Central Graben, JH = Jaren High, EB -
Egersund Basin, UH<Utsira High, OFC - @ygarden
Fault Complex, VG=Viking Graben, SB~Stord Basin,
Early Oil Window TS — Tampen Spur.
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Fig. 5. Rock-Eval pyrograms showing the exi ofap d (A) and (B) 52 shoulder possibly resulting from contamination with oil based mud,

migrated hydrocarbons, solid bitumen and/oe in st hydrocarbons. Sample in A was collected from wedl 30/13-1 at 3901.4 m. Sample in B was collected from well 2/

7-258 at 4782. 5m.
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in the following chap fuRockanlnndTOCdan.Anfu
the ini lez, the p organic mate-
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and g Such cor-
rdaben:homdmdntnuckofﬂsewhdmpamdumlugs
than the resolution of the microscope (ie., > 1 pm; Scheidt and Litthe,
1989).

4.1.2. Facie: varictions

Fig. 7 cross-plots TOC wversus 52 values for thermally immature
source rock samples (i.e., Tmax <435C°) in the dataset. The majority of
the samples poszess Hl values in the range between 200 and 500 mg HC/
g TOC and thus indicate that the samples are capable of generating both
liquid and gaseous hydrocarbonz. TOC contents ranging from 1.8 t0 9.6
wtd further demonstrate the source rock variability in the sample zet
(Fig. 7; Table 3).
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Fig. 6. TOC (wt.%) as a function of the maceral

Base-Depth (M)| i piremen content in volizme percentige fra%).

1385 - 1825 Notice that samples from the Central Graben show
o 1825 - 1265 high TOC values, whereas the crganic content (5.e.,
@ 2265 - 2705 maceral + salid bitumen) & low, suggesting contam-
@ 2705 - 3145 ination either by OBM or migrated hydrocarbons,
@ 3585 - 4025 abtemnatively in sifu oil. BCG= British Central Graben,
Q4025 - 4465 NCG— Norwegian Central Graben, JH — Jweren High,
Q4465 - 4905 EB — Egersund Basin, UH-Utsira High, @FC —
(04905 - 5350 @ygarden  Fault Complex, VG=Viking Graben,
Well $B=Stord Basin, TS = Tampen Spur.
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Fig. 7. TOC (wi.%) plotted against Rock-Eval Sz (Kg/t). Hydragen index (HI) trend lines ranging from 100 to 900 mg HC/g TOC are shown. BOG= British Central
Graben, NCiG= Norwegian Central Graben, JH— Jiren High, EB = Egersund Basin, UHUtsira High, OFC = Bygarden Fault Complex, VG=Viking Graben, SB=Stord

Basin, TS — Tampen Spur.

maceral data was divided into inertinite, vitrinite, and liptinite groupa.
The liptinite group waz further mubdivided into 2 marine- and a terrig-
encuz fraction (Fige. § and 9). Dinoflagellate cyats (ie., algimate)
dominate the marine liptinite sub-group, whereas the terrigenous lip-
tinite qub-group comprizes moctly sporinite and liprodetrinite (Fiz. 104,
D-E). The vitrinite group iz dominated by macerals of the detrovitrinite
family with non-detrital vitrinite particles only constituting a minor part
(Fig. 10B and C). Detrovitrinite and liptodetrinite are small particles (i
e., amaller than 10 Um in size) with unrecognisable structures within
their respective vitrinite and liptinite groups (ICCP, 1993; Pickel et al |

20170 It iz worth highlighting that the of each 1
group iz relatively homogenous through the Upper Jurassic source rocks.
Thin suggests that there are minor changes in the biota sourcing the
arganic masmer and posibly some distance from land 2z one would
expect larger variety of land-plant with cloger proximity (Langrock
=t al., 2003). Variations in the relative abundance of each fraction are,
however, oboerved.

The overall maceral compasition shows vertical variations for most
of the studied well sections (Figa. & and 9). The organic matter detect-
able under the microscope in wells 39/15-2, 50/8-1, 30/15-3, 3/1-6, 2,
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9/2-2, 25/5-2, and 34/7-21 iz domi d by vitrinite and i

mc:nhmdudeepapmofdumvemgamdwmemmh The
relative amount of marine and
gradu;ﬂy zow;nhd:g:ap ofduo.rg:nxthmteval(?v ). This in-
crease in 1 iz ident with a subele i in TOC
sndHlv;l.uen[Fw 9B and C), which in tum implies an upward increaze
in the proportion of Type Il kerogen. Huc et al (1935), Dahl and Speers
(1935), and Justwan et al. (2005) document a similar trend in the Viking
Graben using Rock-Bval data, and Petersen et al. (2016) and Ponsaing
etal (2018, 2020} upon&umdmtbemd:ebmh&mnlduben.
The overall lugh :ontent o( i b ! in d:e
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Fig. 10. Photos taken at 500X. A) Photo illustrating
fluorescing sporinite (S) in UV-light from well 7/4-1
at 2998 m. The larger spoce is likely a terrestrial
microspore whereas the thin-walled sporinite may be
# marine dinoflagellate. B) White-light photo, illus-
trating larger particles of vitrinite (V) and smaller
particles of detrovitrinite (Vd) from well 25/5.2 at
3070 m. C-D) Paired photos in white- and UV-light
photo from well 9/2-2 at 3021 m. (C) White-light
photo illustrating larger particles of vitrinite (V) and
smaller particles of detrovitrinite (Vd). D) UV-light
photo illustrating fluorescing sporinite (S) and lipto-
detrinite (Ld), which is smaller dispersed particles of
fluorescing organic matter (less than 10 ym in size) of
unknown origin. E) UV-light phr.lo illustrating
several les of f ing sporinite () and
abundant liptedetrinite (Ld) in wtll 25/5-2 at 3120

record less variations in TOC and HI values relative to wellzs with an
upward increaze in liptinite content (Fig. 9).

Fig. 4 chows the average maceral compoaition for each of the studied
wellz. Thcobaervedd:mgeamdubuﬂnmxenlcmpmuonmggm
that the different hic areas have ived varying
of marine and terrigenous organic inputs. The average values are
computed from a limited number of zamples from few wells, and
therefore do not necessarily reflect the overall maceral compoaition
uxouduntudv:xe;?w 0 dizplays the 1 ition for each of
the analyzed in wellz from the KC, Mandal, Tau,
and Dr;upne formationz. .»gmﬁant differences are obzerved between
the diffe areas and ically ¢h h the source rock interval.

i h uggests a 5
of land- planzbwmu: from the nu'xvundmg luglu despite of the regional
transgresaive event. In wells 2/1-6, 9/2-2, 25/5-2, 51/4-6 and 31/6-3
(Fige. 8 and 9B), an increase in the content of vitrinitic macerals
paired with 2 slight decrease in TOC and HI are observed at the very top
of the Upper Jurassic source rock interval. This coincides with 2 general
decreace in the pyrite content (Table 4). These observations may suggest
a chift back to higher level: of oxygen. Justwan and Dahl (2005) also
notice thiz change at the top of the Draupne Pormation in wellz from the
Viking Graben, and Langrock et al. (2003 ) report thiz change during the
from Upper Jt ic to Lower C: in the Ni gi

Sea

The overall maceral compogition in wells 30/2A-6, 2/7-255 7/4-1,
17/3-1, 51/4-6, and 31/6-3 (Fig. 8) remainz relatively constant
through the :tud.\ed =e:aon, suggesting minor changes in organic inputa
and d i at thege | A slightly higher con-
mntof"' iclez may, h beobaq\'ed.ﬂnemuem
higher-plant mpumumm].‘kdvduemma_nﬂw J ita d

A higher content of liptinite iz observed within the Tau and Dravpne
formations, aa well ag in the Mandal Pormation in well 7/4-1, compared
to the KC and Mandal formations in the remaining wellz (Fig. 2). It
chould be mentioned that the low content of liptinite preserved in source
rock samples from the Central Graben buried to depths greater than

4000 m may have Ited from high th 1 or by drill-bit
hism. At el 1 itiea. the fl of liptiniti

i d oy e di PR AR

moat resi Iz (ie., vitrinite and & Misch et al, 2019;

Al-Hajeri et al,, 2021). Ziegs et al (2017) and Mizch et al. (2019) report
:hxghconmntofumgmuswmondxMTmewhm
well 2/1-6 iz located, hence, the p i findi Like-
wize, it cannot be ruled out that the very hxgh content of inertinite re-
ported in the investigated um.pleaﬁomduCentnlOuben (Pig- u)u
overestimated due to difficulties d.
a.mloxguu:mmr

from subaerially exposed highs (Fig. 8). Naturally, theoe wells alno

v i mv.hemhuvepmpormmofmneandumgmun
liptini 1z are also d. d in the sample set (Fig. 8). Wella 7/4-

P
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1, 25/5-2 and 34/7-21 possess the highest content of marine liptinite
macerals. This implies lacs contzibution of terrigenonn arganic maerials
from the hinterland. The full variability in source rock facies within each
well, and hence the likely petroleum blend to be generated, cannot be
faithfully reproduced by a limited set of source rock samples. Analyses of
migrated oils may better reflect the compositional attributes of their
parental sources az will be dizcussed in the following sections.

41.5. Relationship between total arganic carbon and maceral composisionz

The volume percentage of liptinitic (ie., marine + tersigenous)
macerals displayr an overall positive correlation with TOC (Fig. 1140
On the other hand, the percentage of vitrinitic macerals, when croms-
plotted against TOC, shows 2 negative correlation (Fig. 116 Thiz
wend iz similar to that Misch =t al. (2019} describes for the Mandal
ion. The 3 of d TOC values with increasing
vitrinite content iz interpreted to regult from higher oxidizing condi-
tiona. Fiz. | 1C shows 2 positive correlation between increasing vitrinite
content and increazing oxygen index (Ol), substanstiating that the
detected higher inpute of land plant-derived organic matesial (e wit-
rinite)} occurred under relatively more oxygenated water conditions

A D

TOC (wi.%)
=

-

i

Vitrinite (vo%)
] rt .

o
=

—— B i
Oxygen Index (mg CO/g TOC)
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{Ziegs et al., 2017).

4.1.4. Relotionship besween pyrite, total organic carbon, and maceral
composition

The volume parcentage of pyrite relative to the total mineral count
can be exploited as an indicator of oxygen availability during sedi-
mentstion and eady diagenesic (Berner, 1954). Oxygen-depleted con-
ditionz in the top sediment act az a reduczant for sulphate and favour the
formation of sedimentary pyrite if a supply of reactive iron exists
(Berner, 19040 A poitive correlation between the volume percentage of
pyrite and TOC (Fiz. 12A) is obeerved in the datsset Thiz correlation
implies that the accumulation and preservasion of organic carbon i
«creazes proportionally with decreazing oxygen content, which in turn
determines the availability of mulphide for pyrite formation (Berner,
al, 1968; Lisckge 2t al., 2002). The volume percentage
of marine liptinite iz alzo s2en to positively correlate with the content of
pyrite (Fig 128), which implies prevailing swygen limited conditions in
arear where marine liptinite waz depogited and preserved. The fue-
rescence of liptinitic macerals decreazes with increasing maturity and
al, 2018%;

becomes unrecognisable in overmature source rocks (Misch et
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Al-Hajeri et al, 2021). This condition could provide an explanation for
high pyrite concentrationz azsociated with little to no marine liptinitic
maceral: in some of the deeply buried samples in the UK sector
(Fig. 12B). T+ Lp may be d and d. d i

4.1.5. Seoble carbon izotopes of zource rock extrace and their relationship
with pyrite content and maceral composition
Stable carbon i f the fraction of zel d zource rock

P in
oxidizing, coastal and more anoxic marine environments, which may
explain the poor correlation with pyrite contents observed in Fig. 12C.
Similar to the crosz-plot of vitrinite versus TOC (Fig. 11B), anegative
lation iz observed b itrinite and pyrite in Fig. 12D. Higher-
plant derived vitriniti ial is Iy deposited in tal. near-

chore environments where the content of dizsolved oxygen in the

wary with respect p and pyrite In
Fig. 13A, the stable carbon icotope composition of the zaturate fraction
iz seen to become increasingly lighter with an increasing volume per-
centage of liptinitic macerals. This trend implies 2 positive correlation
b the i ic compogition of the ble organic matter and
that of the macerals. Fig. 135 chows that stable carbon isotope values of
the saturate fraction become heavier az the volume percentages of pyrite

water column and the top sedi is abundane. Thiz Jition does not d
favour the fi of pyrite and explains the negati lation seen
in Fig. 12D.

Although the stable carbon isotope compositions of organic
matter in a source rock iz not directly d Jent on redox diti
during zedimentation, it iz apparent that at least in thiz datazet lighter
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B Fig. 13. A) Pyrite-, B) Bulk liptinite-, C) Marine lip-
tinite, D) Temrigenons liptinite-, and E) Vitrinite
e s M & content in volume pereentage (vo%) plotted against
&) &2 R stable carbon isotope values (%) of the saurate
I . \\ Fraction of extracts fom source rocks. Oils with
g 2 & “ d isotopically Hghter composition coexist with higher
-
= 2.0 . contents of pyite and marine liptinite, whereas sils
b} - . N with comparatively heavier isotope valoes comcides
W o S " with higher content of vitrinite. Terrigenows liptinite
=3 =3 - ™ shows oo correlation with the meamred isotopes.
\\ BCG= PBritish Cenwral Graben, NOG= Norwegian
\ Central Graben, JH = Jeren High, FB — Egersund
az| C e Basin, Ub=Utsira Migh, @FC - @ygarden Fault
i Complex, VG=Viking Graben, 5B==5tord Basin, TS =
Tampen Spur.
B z 4 [} ] moIr s
4,
28, s Pyriite {voa)
5
*,
- = @
FE .r\\_ W29 .
P ., .
T; [ \’\ g L : s
£ -0 .Y T
- LN - -
o & { L
-3 \\ & -3 -
,
A
a3 L] N 31 ®
*,
o \ a
. | E— et | | P S S S g
L] ETR. i £ FIRE A R IR TR
B Murine Liptinite (vo®) Terrigenous Liptinite (va %)
[ Basetdept ) I
= e 1385 1525
£ ./' .
o 1615 - 12466
L]
5 rd » s
S o S PR T
A
- e
E & g 1705 - 3150
- / WEN,
=31 £ m] =]
‘/ T (JH) 2SI (W)
N c-,f u-:.a.crm .1|.-4..r-cwi1
- Fl
Fis |e.:.tg«cun .Ll-e-.l 58]
u | |
-33 m @@ & | 1eR 721 (T5)
Vitrinite (vi%)

ivotope values are coincident with increaging liptinitic inputs inter-
peeted to occur under decreazing oxygen content (oee discusmion in
section 4.2.1). The trend iz less obvious when separating the liptinite
group into marine (Fiz. 13C) and terrigenous (Fiz. 13D) sub-groups. This
condition likely reflects the varying depocitional conditions in which

igenoun liptinite can be deposited. In Fig. 13E, the inotopic compo-
sition of the =nalysed sample: becomes increasingly hesvier with
increasing vitrinite content. The above observations suppost the findingz
by Justwan et al. (2005) and Langrock et al (2003), which show a
similar wend using Rock-Eval data. They aseociate light carbon izotope
(saturate and aromatic fractions) compositions of source rock extracts
with higher contentz of kerogen Type Il and comparatively heavier
compositions with kerogen Type IIL

4.2, 0il geochemizery

The recultz presented in this study demonstrating changes in orga-
nofacies within the Upper Jurassic source rock oystem support earlier

wock by various authom (e.g., Huc et al.,, 1885; Thomas et al., 1985;
Cooper et al,, 1995; [sakoen and Ledje, 2001; Eubala et al.,, 2003; Keym
et al, 2006; Justwan and Dahl, 2005; Justwan =t al
et al, 2016, 2017; Ziego et al,, 2017; Pomsaing et al, 2018; Misch =t al ,
2019; Ponsaing et al | 2020). Those changes are imterpreted to ndicate
fluctnations in sedimentary environments with subsequent wariations in
oxygen content and organic matter inputs. Interpretations arizing from
the foregoing study and other works should be uzed with caution when
predicting organofacies development at 2 regional scale due to the
limited number of wellz and samples analysed and their preferential
locations in or near strucmural highs.

The geochemical composition of oils often reflects the average
compositional attributes of their parental sources (ie., the dominating
type of organic material) more efficiently than a zingle, or a zet of
needlepoint rock sampler (Tumberge et 2l 20161 Az much, the
geochemical analyzec of oils can be =xploited az a supplement when
aspeczing the regional development of source rock facies in the abzence
of pertinent source rock daza.

2005; Patersen
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4.2.1. Whole oil steble carbon isotopes and their significance in inferring
source rock organafacies

The fallowing approach relies on the premice that the Upper Juraszic
pource rocks syutem hac sourced most of the produced oils in the Morth
Sea 22 several authors suggest (e.g., Barnard and Cooper, 1951; Corn-
ford, 1998; Comford, 2018). The relative abundance of acyelic iso-
prenoide (i.e, Pristane (Pr) and Phytane (Ph)) iz routinely amployed aza
proxy to determine erganic inputs and redox coaditions during zedi-
mentation of source rocks and oila. High Pristane, Phytane (i.e., Pr/Fh =
3] ratios suggest terrigenous organic inputs commonly sedimented
under oxidizing conditions. Low values (ie, Pr/Ph < 0.8) of this ratin
suggest anoxic, often hypersaline or carbonate environmenm (Peterz
=t al | 2005k, typically ameciated with marine organic matter (g,
Didyk et al | 1978; Hughes et al | 1995). Moderately high Pr/Ph ratioe
can equally be interpreted to indicate marine organic matter depoaited
under relatively oxidizing environment. In Fiz. 14A, a positive correla-
ton between the Pr,/Ph ratio and the carbon isotope compozition of the
saturate fraction of oils from the Norwegian North Sea data base iz
obaerved. Thus, increasing terrigenous organic inputs, poazibly accu-
mulated under oxidizing conditions, are mirrored by ouccescively
heavier stable carbon icotopes.

Fig. 14B and € show croz-plot of homohopane and tricyclic terpane
biomarker ratioz senaitive to sedimentary conditions and organic matter
inputs, respectively, versus carbon isotopes. A high abundance of the
C35 homohopane relative to C34 homohopane reflectz, according to
Peters and Moldovwan (1991), increasingly anowic conditions. Fiz. 148
chows that higher values of the C35/C34 ratio generally correlate with
lighter izotope values. This substantiates the fndings in Fiz. 14A and
further suggests the coincidental developmen: of anoxic depositional
environments and light isotope valuer in the current dataset. It can be

b

[rcreasingly anic and terresirial

¥

S13C Saturates (%)
i 1
SI3C Sutwrates |%as)
i 4
)

and
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argued that the ©34,C35 homohopane ratio can equally be interpreted
to indicate a carbonate lithology; however, none of the oil biomarker
parameters in thiz study indicates a carbonate source.

The input of terrigencuc organic mattsr o 2 source rock can be
aspeczed uzing the abundance of C19 and C20 relative to that of the
C2land C22 tricyclic terpanss an represented by the (G19+C20)/
{C21+C22) ratic. High values of this ratio are indicative of high relative
inputz of humic land-plant crganic materials (Peters =t al, 2005b).
Increazingly higher values of thiz rato in Fig. 14C are ceen to correlats
with successively heavier isotope values of the saturate fraction, which
fortifies the oboervations from Fiz. 144. The ultimate izotope compoai-
tion of an oil iz primarily dependent on the initial isotope compoaition
and molecular H/C ratio of it sourcing kesogen az well 2z zecondary
factors such az thermal marrity and expulzion =fficiency. The H/C ratio
iz fundamentally related to a thermodynamically ordered intra- and
intermolecular carbon izotope dizwibution prompted excluively by
bioaynthesiz (Jalimov, 1900% Such a procesz i governed by the dhes-
mndymamic isotope exchange properties of each molecule, known as the
[Hiactor. The lack of oxygen during diagenecin and sarly burial favours a
betwer presesvation of hydrogen and thersfore higher H/C molecular
ratios in kerogen. Thiz condition may provide an explanation for the
datected positive relationchip between marine organic matter, which
maturally possessez higher H/C ratioa, anoxia, and stable carbon izo-
topes. Thua, the relationzhip besween increazing anoxia and lighter
carbon isotopes iz at best indirect.

422 Thomal menrity and other potential fectors altering the
composition of stoble carbon isotopes

The oilz in the datazet are derived from various areas of the Nos-
wegiazn MNorth Ges and from kitchems buried to different depthe

Fig. 14. A) Pristiane,/Phytane ratio, B) C35/034
homohopane ratio, €) C194C20/C214C22 tricyclic
terpane ratio, and D) methyl phenanthrens index 2
(NPT (2)) plotted against stable carbon isotopes (%)
of the saturate fraction of the ofls. The stable carban
isotope valises become Hghter with increasing marine
organic matter, possibly deposited wnder anoxic
conditions and heavier with mare terrigenons organic
matter, likely deposited wnder cxidising conditions.
Thermal maturity appears to not influence the isotape
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herefore, the oils are infemred to have been generated and expelled

from eource rocks at a wide range of thermal marurities. In an attempt to
west if thermal matrity iz 2 major factor driving the izotopic compoai-
don of the studied oils, the methylphenanthrene index 2 (MPI (2) = 3(2-

dorlpk d ik hrene+1- thylpk i +5
methylphenanthrene); Radke et al | 1932) was plotted againct stable
carbon izotope valuss of the samurate fracton (Fig. 14D). The plotted
dam depicts 2 poor correlation trend in which the izotope compoaitions
of oilz become incipiently heavier with increasing mamrity. Thiz trend
becomes lesa evident when comparing oils within the zame quadrant 4n
example iz the oil: from quadrant 35, which chow a negative correlation
in Fig. 14D. It can be concluded that although maturity may hawe an
impact on the izsotope compozition of expelled oila, it does not seem to be
the main driving factor guiding the obeerved wariabilisy in the datazet.
Other factors such 2z organic precurzorz appear to be the dominant
imprint on the observed izotope valuea.

It iz worth highlighting that a factor like oeal and carrier bed
permeability may have impacted the bulk composition of the oils and so
that of the stable carbon izotopes. More volatile light fractions migrate
faster and progressively fractionate, leaving behind a recidue that i
enriched in the heavier stable carbon izotope.

4.2.5. 0l grouping

Having establiched an empirical correlation between molecular and
izotope compositions, thiz wosk divides the datmzet into subgroups that
reflect changes in the bulk osganic matter composition and inferzed
sedimentary environmens. It iz achieved by croas plotting the izotopic
composition of the saturate and aromatic fractions of the oils and arbi-
trarily grouping them in intervals set every 1% The groups are intended
to reflect variations in the relative proportions of marine and terrigenous

Morine and Perroleum Geolagy 145 [2023) 05856

organic materialz in the parental source rock. Oroup 1 cilz are inter-
preted to desive from a source rock facies containing the highest pro-
poction of marine organic materiale, which decreases gradually and iz
lowest in the facies sourcing oila in Group 5. Bazed on the ascesomen: of
the oxygen content in the sedimentary environment uzing homohopane
ratios (i.e., Fig. 148), it iz plauzible to assume that the marine-rich facies
sourcing Oroup 1 oils was depocited under relatively more anoxic
conditiona.

4.2.4. GComparison of interpreed faries from source rock and oils

The grouping based on ztable carbon isotopes (Fig. 154) was trans-
ferred to the northem Morth Sea map (Fig. 155) to compare interpreted
zource rock organofacien with oil organofacies. Interpretasion of gros
zource rocks organofacies from a limited number of zamples from wellz
often drilled on structural highs are encumbered with large uncertainties
an they may not be representative of the deep marine prolific facies. Oils,
on the other hand, carry an average compositional view of the groas

It cannot be ruled out that come oils may have contributions from
source rocks other than the Upper Jurassic ar Karloen et al (1993),
Juatwan et al (2006), Pedemen et al (2006) and Ohm et al (2006,
2012) describe, thuz affecting the oil composition and introducing un-
cestainty to the interpretation. However, relving on work by other au-
thors {e.g., Barnard and Cooper, 1961; Comford, 1995; Cornford, 2013)
of the oilz in the North Sea, the following organofacies are suggested for
the source rock system: A) mose terrigencus organic matter, possibly
aspociated with oxidising conditions, in the southern part of the Central
Oraben, Morth Viking Graben, and Horda Platform areaz; and B)
comparatively more marine organic matter, poazibly amociated with
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Fig. 15. A) Isstopes of the aromatic and saturate fractions of vils in the dataset. The vils were arbitrarily divided into groups by intervals of 1%. Groap 1 consis of
the Bsatopically lightest ails, which becomes increasingty heavier, and is isatopically heaviest in Group 5. The isotopically Eghtest oils (Group 1) are associated with
higher content of marine organic matter, possibly deposited under anoxic condiions. Soceessively more influence of terrigenoes organic matter, likely deposited
mnder i is to d tex iy heavier isotope values (Group 5). B) Location of the oils coloursd after their asigned groups
in Al CG=Central Graben, JH = Jaren High, EB = Egersund Basin, UH—Utsira High, 8FC — @ygarden Faalt Complex, VG=Viking Graben, SB=Stard Basin, TS =
Tampen Spur, HP<Harda Platform.
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anoxic conditions in the northern part of the Central Graben and South
Viking Grahnma!(l‘ir 15B).

The average d in the source rock
samples io generally conzistent with the source organofacies interpreted
from izotopes and molecular data of oils in the same area (Fig. 16). The
izotopically lightest oilz (Oroup 1 and 2) occur cloze to wells enriched in
liptinitic macerals, for instance, oils near wellz 7/4-1, 25/5-2, and 34,7-
21. Intermediate isotope values reflected by Group 3 are found around
wells 16/2A-13 and 31,/4-6. The izotopically heaviest oils (Group 4 and
5) occur in the southern part of the Central Graben, where the analysed
source rock samples have the highest content of vitrinite. However, az
discuzoed in cection 4.1.2, the high vitrinite content could be the recult
of high thermal maturity in thiz area, which has the potential to mazk
the liptinitic material_ That may well be the case of wells 2,/1-6 and 30/
24-6. Source rock scamples in these wells exhibit high vitrinite content,
but the surounding oils are isotopically lighter than expect=d. Thiz
discrepancy may also be a result of lateral migration from differeat
facies of their generating source. Deeper source rock unitz and mulsple
charging sventz may also have contributed to charging thece trapa,
affecting the final total irotope compozitions.

ithon.

5. Conelusion

Petrographic and organic geochemical results of the Kimmeridge
Clay (KC) equivalents in the northem North Sza chow considerabls
lateral and vertical crganofacies variationz.

The preserved macesal content of the analyzed KO equivalent fas-
mations conzists mostly of terrigenous oil prone liptinite and varying

A general increase of liptinites and pyrite towarda the top of the KC
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equivalent formationz in zeven of the fourt=en wells indicates progres-
zive deepening of the depositional sites and development of more anoxic
conditions accompanied by enhanced organic matter preservation.

Anincreace of vitrinite coexisting with a decreace in pyrite content in
the uppermoat part of the source rock intesval in four of the wells i
interpreted 2z a chift back to more oxidising conditions and less
favourable conditions for presenration of organic matter during the end
of the Upper Jurassic.

The overall maceral compozition iz consistent with Rock-Bval and
isotope data. Thus, source rock izotope data can be used to empirically
predict organofacies and depositional environment in the study area

The stable carbon isotope composition of oils in the dataset was
found to carry organofacies information that can be linked to their
generating source rocks, and can therefore be uzed to pradict bulk zource
rock organofacies in areas where pertinent data iz abgent.

T'h!nmdmdmhmggulg:umnmfmmmmgcnmz infle-
enced organofacies, possibly depocited under exidizi di in
the southern part of Central Graben, North Viking Graben, and Hosda
Platform. Comparatively more marine influenced organofacies, likely
d ited under more anoxi diti sourced the oils in the northern
part of the Central Graben and South Viking Graben.
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Ol datalsze with the folkewing analytical resalis 136 Sat = Isotope of the siturated fraction, 150 Aro = lsotape of the aromatic fraction, Pr/Ph = Fristiane Fhytans
ratin, 34035 — C34/C35 bomohopane ratia, TT ratio = C19 4 20,021 + 22 tricyelic terpane ratio, MPH2) = Methylphenanthrene Index 2. BB—EBreiflabl Basin,
CT=Cod Terrace, SH=Sprvestlandet High, MT = Maxreen Terrace, EB = Egersund Basin, LD = Ling Depression, ViSh — Vilje Sub-basin, VeSh = Ve Sab basin, GT =
Gudrun Terrace, UH=Utsira High, VaSh = Vana Sub-basin, VoSk = Volve Sub-basin, BA=Bjerghin Arch, HH=Heimdal High, FeSb=Fengal Sub-basin, BH=Brage Horst,
OFB—Oseberg Fault Block, MEC — Makkuarkalve Fank Complex, LT — Lomre Terrace, MS — Milaye Slape, 8FC — @ygarden Fault Complex, HF- Hidra High, FG—Feda

Graben, SBeSegne Basin, JH = Jieren High, HT<Heimdalen Terrace.

Data Set well Loe Base Depth Formathon Type 50 sAT &0 ARD Pr/Th TT ratier Ca5/34 MF1(2)
KFD 1721 BB 3157 Fartbes oil -291 ~I8E 15
KFD 1/3-95 T 4280 Ula oil 13 219 072 073
KFD 1/3-95 T 4347 Ula oil 19 074 n.80
KFD 27112 sH 3123 Tee il ~ 285 -~ 11
KFD 27112 sH 3123 Tee il 14
KFD G731 MT 2993 Skagervak DeT -29.0 -=r 16 064
WFD 631 MT 3023 Skagerrak DeT -291 -m|z 14 061
WFD WET§ EB 3896 Sandnes FMT -295 —28.0 16 0.67
KFD 9/ZT 6 EE 3896 Sandnes FMT —29.4 —m8.2 16 069 086
KFD 1571212 MT 2895 Hather MOT 16 1.24 053
KFD 1571223 j5.] 3191 Sleipnes il 11
KFD 1571223 j5.] 3191 Sleipner il ~298 ~I8E 0.5 0.75 112 056
KFD 157124 T il ~288 —28.1 059
KFD 151295 MT MOT 093 0.59
WFD 1512411 MT MOT 1.00 0.60
WFD 15737 Vish 4224 Draupne MOT -288 -zr 13 094 0.56
KFD 15737 Vish 4224 Draupne MOT 14 067
KFD 1555 VeSh 2158 Hiirdal MDOT —290 —m3 0.8 115 0.96 048
KFD 1555 VeSh 283 Hiirsdal 24 0.8 1.08 046
KFD 1671-14 aT 2098 Hiindal il 14
KFD 1671-14 aT 2098 Hiindal il -294 ~85 12 117 1.05 074
KFD 1671-14 T2 ar 2003 Balder oil 14
KFD 1671-14 T2 aT 2102 Hisimsdal oil 14
KFD 1671-14 T2 aT 2179 Magard oil 15
KFD 1671-14T2 aT 2003 Balder il -293 -4 13 122 116 077
KFD 1671-14T2 aT 2102 Hisinadal il -29.4 1 12 117 1.05 072
KFD 1671-14T2 aT 2179 Magard il -29.4 -ze 14 1.34 1.03 072
WFD 16719 ar il 14 094 077
WFD 16719 ar il -293 —mr 14
KFD 16724 uH 1728 Toe il ~287 6 14
KFD 16724 UH 1728 Toe il 13 0.98 o7
KFD 16724 UH 1287 Bascon o il 16 094 053
KFD 1624 uH 1887 Busemuit ail ~292 -z 15
KFD 1624 uH 1898 Busemuint il -29.0 —8.0 12
KFD 1624 uH 1898 Busemuint il 11 1.02 061
WFD 1624 uH 1904 Basement il —29.0 —28.1 11
WFD 1624 uH 1904 Basement il 11 101 0.60
KFD 16/3-4 uH 1929 Draupne il 12
KFD 16/3-4 UH 1329 Draupne il ~29.4 ~8E 11 139 093 am
KFD 16/3-4 UH 1940 Draupne il 12
KFD 16/3-4 UH 1340 Draupne il -294 —28.4 12 122 095 o7
KFD 16/3-4 & UH 2079 Draupne il 11
KFD 16/3-4 & uH 2079 Draupne oil -29.4 -85 12 1.44 095 n7o
KFD 16/3-8 & uH 3042 Busement oil -292 -m5 1z 133 093 070
KFD 16/3-8 & uH 3042 Busement oil 13
KFD 17/21R EB 2325 Bryme DeT 13
KFD 17/21R EB 234] Bryme DeT 13
KFD 1771322 EB 2162 Sandnis DeT 10
WFD 17761 o 2631 Sandnes il -302 -m 14 1.04 0.98 0.60
WFD 17761 i 2631 Sandnes il 15
KFD 2471235 Vash 2398 Helmdal oil -297 -1 14 073
KFD 24/6-2 Vst 2164 Hisimsdal MOT 14 071
[consinmsed o mexr page)
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3]

Data Set el Lest Base Depth Formation Type B0 EAT 50 ARD Pe/Th TT ratler [T MF1 (2]

KFD 2462 Vet 2166 Heintal D&T 14 070

KFD 2462 Vet 2167 Heintal MOT 14 068

KFD 25711-15 UH 1774 Heintal il —289 —m81 14 1.49 naz 069

KFD 2571124 UH 2030 Gp ail 14

MFD IE/T17 BA 1951 Frigg DT 15

MFD 25741 HH 0177 Heintal FIT 23

MFD 25741 HH EREL] Hugin il 21

NFD 25/4-1 HH 3194 Sleipnes ol s

KPD 3575 VaSh 2052 Hermod D&T 18

KPD 3575 VaSh 16 Lista ail 13

KPD 3575 VaSh 227 Heintal MOT 17

KFD 29731 T= ail ~284 . 0

KFD 30/10-2 Fesh 2063 Frigg ail 11

KFD 3071184 Fesh 3810 Heaher ail 43

KFD 3071184 Fesh 3949 Tarbert ail an

KFD 071184 Fesib 3992 Tarbert oil a3

KFD 3071185 Fesib 3555 Tarbert oil 0%

KFD 3071185 Fesib 3615 Tarbert oil 0%

KFD 3071185 Fesib 3663 Tarbert oil 11

KFD 301185 Fesib 3748 Mz ail a4

MFD 30/3-2R BH 2874 Hiss DET —297 13 15 056

KPD 30/3-4 FE 2883 Etive D&T — 39 —284 19 056

KPD 30/3-4 OFE 3096 Civec D&T —m1 -mE 18 066

KFD 33T E BH 3519 Joesaltare D&T -8 —6.5 18 065 115

KFD 30/3-A1 BH 3028 Kyrre D&T —193 -1 15 060

KFD 30/3-A1 BH 3250 Kyrre D&T —28T -mE 16 060

KFD 30/6.27 MEFC 3151 Statfjord Gp MOT — 2% ~83 14 139 o 069

KFD 30/6.27 MFC 3163 Statfjord Gp MOT — 298 —28.4 14 132 1.00 059

KFD 30/6.27 MFC 3353 Statfjord Gp MOT — 296 —83 15 1.43 07 061

KFD 30910 QFB 2775 Disupne RFT 19

KFD 30910 OFE 2822 Tarbert RFT 19

KFD 30913 5 OFE 3073 Tarbert DET .2

KFD 30915 BA 2264 s DT —284 —m83 2.4 1.94 077 .68

KFD 30916 BA 2753 Tarbert DET 2.9

MFD 30/9-20 5 BA 2766 Heshuer DT 17

MFD 30/9-20 5 BA 2807 Tarbert DT 16

MFD 30/9-22 BA 2830 Draupoe il —29.0 —ma EES 21 062 o7l

MFD 30/9-22 BA 2868 Tarbert il —289 -TE EES 233 081 074

KPD 30/%.22 BA 2894 Tarbert ail —e0 —-TE a7 1.85 0oz 081

KFD 3096 BA 2646 M DET —28T —286 13 1.66 n.ag 069

KFD 30/9.8 R QFB 2836 Tarbert DET 21

KFD 30/9.9 BA 2311 Tarbert DET 38

KFD 3099 BA 2409 Fansel + Ex

KFD 3099 BA 2409 Fansel DET —2BI —m|0 a2 234 063 0.73

KFD 30/9F-19 OFE 3438 s DT 11 -~z 19 158 0.95

KFD 3411 BA 2123 Drsupie DT —295 —m1 15 n 0.86 .62

MFD 3411 BA 2358 Fensfjoed DT —290 —8E 15 1.60 0.80 .68

MFD 3411 BA 2372 Fensfjoed DT —28T -mE 15 172 084 .68

MFD 3411 BA 2679 Hess DT —29.0 17 1.80 073 110

NFD 3198 = 701 Elive ol —2B.6 -5 15 oE1 109

KPD 3EMG4H T= FMT —300 —m3 15 078 089

KPD 34731 8 T= ail —3%0 -ma 17

KPD 34731 8 T= ail 17 072 066

KFD 34/E1 5 T= 3648 iz ail 18

KFD 34/E1 5 T= 3648 iz ail —m ~28.4 17 1.65 na3 057

KFD 34/E1 5 T= 3630 iz ail —2%0 -1 17 172 096 066

KFD 34/E1 5 T= 3630 iz ail 18

MFD 34E1 5 T= 2690 Gk oil —29.0 —m|0 17 1.66 091 064

MFD 34E1E T= 2690 Gk il 18

MFD ITIATA T= 2495 Tarbert il — 298 —8E 16

MFD 4TI A T= 4180 Draupoe D&ET 15 0.68 036

KPD 34726 4 T= 4180 Draupoe D&T 14

KPD 34726 4 T= 4208 Draupoe D&T 14 073 03z

KPD 34/7-34 T= 2471 Statfjord Gp ail 15 1.00 (3]

KPD 34/7-34 T= 2503 Statfjord Gp ail 14 o7 053

KFD 35711-10 1T 1997 Segmefjord MOT —280 -mz 17 241 069 069

KFD 35711-10 1T 2049 Sergmefjord MOT —281 w3 18 226 069 07d

KFD 35711-10 1T 2305 Fensfjoed MOT —283 w3 17 248 o7l (5]

KFD 3571110 1T 2680 M MOT ~ITE -mz 21 261 063 061

KFD 3571112 1T oil 17 070 057

KFD 357119 1T 2678 Heathuer MOT — 26 0 2.3 057 076

KFD 35791 Ms 2292 Dunlin Gp DET —2B2 -mo 23 1]

KFD 35792 Ms 2342 Femafjoed DET —289 —ma 19 .56

KFD 35%3T2 Ms 2670 Agat DT 113 —E 17 270 0.52 .85

KFD 35%3T2 Ms 2677 Agat DT 17 0.53 .82

KFD 35%3T2 Ms 2681 Agat DT —2EE -~ 17 azl 0.55 077

[consinmed on mevs poge)
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Table 2 (continued )

Duta 5at well Lz Base Depth Formation Type 5 SAT 57C ARD Fe/Th TT mutia R MF1(2)
NTD 35/%.3 T2 M5 2684 Agat MOT -390 -2%.7 1.7 1% 050 0.80
NTD 353 T2 M= Pyl Agat MOT 1.7 054 067
NPD 36/7-1 M5 IE9 Fenafjord DST —28.4 -T2 1.7 29 o057 0.63
NTD 36/7-2 SFC 935 Scgardjord MOT — 366 -73 11 3312 (X 0.50
8O 1/3-3 (=3 4214 Bryne DST —30.0 -29.2 1.5 0.9 0s3 0.99
BO 1/37 HIH 36 Forthes D&ET -4 -28.4 15 0.87 094 073
B0 1wz HE 3k Forths D&T -197 -292 1.4 0.94 o090 0.60
8O 1/3-9 8TZ (=3 43247 Ula ol —30.0 -29.2 1.5 0.83 os1 1.00
BO 1/94 PG 3396 Tor TEST -276 -2%.7 13 1.0 (R 0.92
B0 2121 FG 4647 Ula D&T -275 -26.4 1.4 119 o5 07E
BO 374 == 3470 Bryne D&T —28.1 -26.2 9 159 o7 07z
BO 6/3-1 MT 3015 Skagerrak TEST -8 -289 14 0.87 099 0.54
B0 7/42 JH 3229 Ula ol -3z -303 1.2 0.52 145 0.54
BO T2 JH 3342 Ula TEST —31.4 —30.4 11 0.50 144 051
BO 921 EB 3210 Sandnes TEST —301 -288 16 1.0 o080 055
B0 923 EB 3268 Sandnis TEST -30.2 -1 15 115 034 oro
BO 1512 VeSb 3595 Hugin TEST -293 -4 1 135 094 065
BO 16/49 5 UH 1981 Hegre Gp D&ET -295 -285 0 1.06 104 0.5%
B0 I5/5-5 HT 170 Hizimsctal ol — 304 -5 or 0.56 1= 0.48
BO 18101 EB 2402 Egessund D&T — 300 -287 14 0.89 o091 0.7e
BO 34747 T= 2596 Lunde D&ET —30.% —30.4 16 0.54 103 0.58
BO /T I6R T= 2458 Ranmoch D&T — 300 -292 1.5 0.96 102 0.59
BO 341036 TS 3373 Tarbest TEST -285 -0 24 213 os7 081
B0 3671 M5 363 Py o DST -290 -5 1z 1.64 o076 0.66
Table 3
Rock-Eval and isatipe results of the soures rock samples. M = Mandsl Farmation, T = Tan Fommation, I) = Draupoe Formatian, KCP=Kimmeridge Clay P

TOC = total ceganic carbon, HT = hydrogen index, O = oxygen index, Pl = produc
stalile carbon isctope of the ammatic fraction,

Endex, 517 Sat = stable carbon isatope of the gaturated fraction, 51°C Aro =

o Type Well Degil TaC a1 =2 Temax Bl at I 13 CEAT 130 ARD
] DC 214 4115 11 23 L7 438 157 ™ 0.57
] COCH 2146 a1z7 ] 7.0 155 448 74 12 031
] COCH 214 4147 12 .7 18 449 7 175 0.49
] COCH 214 4153 o7 or 0.8 450 107 ™ 0.48
] COCH 2146 4161 o5 o7 0.4 Fres TE T2 0.62
] DC 2/7.258 4720 ] 351 25 422 390 %2 0.61
] DC 2/7-258 4750 66 9.5 .3 422 323 34 0.65
] DC 27258 473 25 172 5E 267 206 12 075
] COCH 2/7.258 4810 63 0.4 7.3 420 308 =5 065
] DC Tra1 2976 1.0 59 U5 430 019
] COCH 781 2981 04 o1 01 475 33 195 030
] COCH 7ra1 2988 73 6 362 431 453 4 009 —323 -315
T DC %22 2964 23 1.0 7.1 437 303 20 013
T DC %22 2991 51 1.9 0.8 434 436 20 .08 ~-m|5 —296
T DC %22 3021 EE] 1.2 1.2 436 323 23 0.09
T DC 922 3054 23 LT3 7.0 432 307 ™ 008 —m|7 —®a
D COCH 16/2134 2568 71 21 2.3 419 459 15 009 —mE -6
] COCH 16/2134 2556 53 =4 6.9 420 467 M 011
T DC 17731 2331 45 23 150 430 336 T 013
T DC 17/3-1 2337 63 30 M6 432 372 3 0l -m -7
4] DC 25/5.2 3020 75 24 .z 426 412 5 0.07 —ne -85
D DC 2552 3050 79 =9 309 429 350 n 011
D DC 25/5.2 3070 B3 21 19.2 420 291 19 014 ~305 ~295
4] DC 2552 3o 65 ] 128 425 196 20 0.09
D DC 2552 3120 732 1.5 151 428 20 2 005 -m|7 ~mF
D DC 31/4-6 35 23 o4 7.3 48 311 S 0.05
4] COCH 346 2133 64 240 mE 430 438 2 0.07 -3 —gl.4
D DC 3063 138085 18 ] an 430 236 m 015
D DC 31/6-3 1400-02 22 1.2 52 432 231 &5 01%
4] DC 31/6-3 1425-30 24 1.2 52 432 220 n 019 —293 -3
D DC 3163 146590 3 1.4 71 431 e 51 or
4] COCH 34721 2552 60 K] 56 422 426 26 0.05
D COCH 34721 2870 LT 34 390 412 15 n.0g —303 —m
D COCH 34/7-21 258D 74 oA 13.4 405 180 23 0.06
EOF DC 30781 e BO 5.1 .z 432 264 42 074
KCF DC 30,81 3743 60 51 ns3 437 374 51 o7o
I DC 30/8-1 4191 66 518 0.5 444 37 - 07l
EOF DC 30781 4146 55 546 0.1 445 269 0 0.73
KCF DC 30,81 4292 ES p-c® ] 19.4 445 3s] 52 073
I DC 30/8-1 435 25 56 16.5 434 sEa L 075
EOF DC 30781 4452 (¥ 506 19.2 432 2093 = 0.73
(comaned on mave poge]
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Table 3 (continued)
i Type well Degthy TOC 51 52 Tonax Hl al T 13 CEAT 130 ARO
BOF o 30781 aa7e T 501 160 43z =0 = 07e
BOF oo 29/15-2 aser 67 a7 7.1 434 105 E .43
EOF oC 297152 4621 43 &0 6 434 134 40 .48
HOF D 29/15-2 S64E 35 37 40 434 s ™ 148
HOF 'S F0/2AG 5230 78 128 159 424 ma 19 0.54
BOF o 30286 5252 ¥ 131 173 43z 5 25 0.5%
BOF oo 30286 5273 [ n3 181 430 =2 E 0.54
BOF oo 30286 5291 50 155 155 435 307 ] .50
EOF oC 30,133 3901 140 213 18 7 172 12 0.55
EOF oC 30,133 3932 47 164 98 435 o - .63
EOF oC 30,133 3962 43 236 128 44z 5 24 .64
HOF oC 30/13-3 3972 45 349 135 441 96 % 07z
HOF o 30/13-3 3981 35 3.4 121 240 38 ' 07z
HOF o 30/13-3 3990 50 325 14.3 439 5 3 0.69
HOF o 30/13-3 3996 iz 324 ne 44z 58 54 074
HOF o 30/13-3 a00e 33 9.0 127 436 382 - 076
HOF o 30/13-3 anr 41 75 137 432 387 EY 0.7E
HOF 'S 30/13-3 anz6 33 = w1 43z 305 190 g
HOF 'S 30/13-3 4036 21 331 n.4 439 547 129 074
Table 4
The mineral and maceral H al itian is shiown 2 the volume percentage of each companent in the samples. M = Mandal Farmation, T= Tan

Farmation, D'~ Draupne Farmaticn, KCF-Eimmeridge Clay Formation, %0 — $0martz, %0 = %Ckay, %P < %Pyrite, %0M — %0ther minerals, %M - Macerals, %SB
— WiSalid bitumen, %L — Liptinite, % LM — % Marine Liptinite, %L-T — % Terrigenons Liptnite, % V = % Vitrinite, and [ = % Inertinite. Depths are presented in
metres.

Fox Type Well Depily L1 WO ®P B O B M % 5R WM+ BB WL LM ®1LT eV Wl
'] DC 216 4115 B3 &7 2.3 23 13 03 16 oo 0.0 0.0 9NE B2
M OOCH 214 azr B4 779 8.0 B4 1.0 43 B3 &2 79 7.9 342 500
M OOCH 1146 4147 B2 418 T 30 1.7 1= 3.0 156 a.0 3 605 188
M OOCH 1146 4153 B212 4158 4.0 43 2.0 aa 0 71 a.0 a5 TE4 1212
M OOCH 1146 4161 E1.5 245 0 z0 a0 20 0 aa a.0 0.0 714 IB6
M DC /7258 4720 B43 103 0 ] 20 oz 31z 320 4.1 330 BGI BT
M DC 2/7-258 4750 M7 227 a3 iz 3.0 as i3 353 4.7 137 54.9 [=X)
M DC 2/7-258 47E3 63.3 3.7 a7 iz oz 10 1.7 a1 a.0 T.E 706 216
M COCH 2/7-258 4810 a7 .0 43 50 13 a9 13 2.0 4.0 8 604 B2
M oC 7r41 2976 197 &8.7 1.7 0 23 as G &5.0 343 8.0 114 6=
M COCH 7r41 2981 n7 453 1.7 147 140 a3 7= 53.0 55.2 21 o0 a7
M OOCH 78 29688 203 473 143 147 153 s 176 &30 498 a3z 11.0 &1
T DC 9,22 2964 773 a3 27 27 23 s 16 9.0 16.9 338 442 52
T DC 9,22 2991 140 &0.3 83 9.0 120 a7 167 9.0 19.9 358 oAl 171
T DC 922 307 150 653 43 47 1.0 40 150 360 15.4 8.4 358 10.4
T [+ = 922 3054 177 683 Aar 4.7 a3 aa 93 160 6.1 164 63.4 141
4] OOCH 16/Z-13A 2588 470 353 47 4.7 a3 47 130 &0.0 a.0 667 233 100
] OOCH 16/Z13A 2558 420 9.3 AT 43 ary 47 144 .0 106 3.0 134 120
T DT 17731 133 120 64.3 47 &0 ary 70 167 340 79 0.4 378 153
T DC 17/3-1 2337 =7 58.3 47 57 23 20 ] 9.0 7.2 434 403 91
4] DC 2552 3020 73 407 9.0 100 187 33 20 &26 103 723 9.3 BO
4] [+ = 25/52 3050 1nas 59.3 a3 a7 130 &7 197 570 342 439 1z3 96
4] [+ = 25/52 3070 203 307 153 160 267 63 330 720 69.8 14.0 a5 128
4] [+ = 25/52 100 340 363 a7 100 170 a7 197 8.0 3 w0 228 ]
] DT I5/52 nm 47 407 7T B3 220 43 = 360 LE 335 we 3012
] DT 3546 ns &0 267 a3 37 63 20 a3 450 19 51.4 386 72
] OOCH 3546 N33 &40 163 63 63 100 23 133 520 a.0 624 318 Ea
] DC - P 138085 7.0 667 1.7 17 33 1= 4.6 421 1.9 43.3 51.6 3z
] DC - P 140002 137 743 13 0 7.7 = 100 44.0 0.6 4.4 398 72
] DC - P 142530 6= 847 1.7 0 6.0 10 .o 44.0 a.0 52.4 44.0 36
] oC nes 148590 7 797 a0 30 7.7 20 T 29.0 a8 0.3 576 8.2
] COCH 34721 55z 9.3 457 73 92 13 43 156 56.0 9.1 M6 3.7 4
] COCH 34721 570 243 423 6.7 77 167 20 =7 45.0 m.5 mE 342 B9
4] OOCH 34,721 2580 123 &0.0 T 9.0 103 73 176 280 %3 158 353 86
ECF DC 3081 76 253 61.3 T 17 oz 20 7 &0 51 51 64.4 54
ECF DC 3081 3743 207 703 47 63 oz 20 7 20 17 1.7 567 40.0
ECF [+ = 30,8-1 4151 363 &1.0 1.7 z0 a3 as =1:) 14 1.0 1o 620 360
ECF [+ = 30,8-1 4246 357 &0.0 a7 30 a3 10 13 aa a.0 0.0 Tod 6
KCF oC 30781 4292 7 &G0 a7 30 o3 10 13 an a.0 0.0 576 424
ECF DC 3081 4392 357 56.3 27 63 03 13 1.6 10 0.9 0.9 455 27
ECF DC 3081 4462 420 493 a3 63 oz 17 24 oa 0.0 0.0 41.0 590
ECF DC 3081 4478 307 &30 1.7 43 oo 20 20 oa 0.0 0.0 408 592
ECF [+ = 29/15-2 4587 1.0 &89 a7 a7 a3 a0 93 250 a.0 686 8.5 229
ECF [+ = 29/15-2 4521 z44 548 1.4 120 a7 &0 BT 340 38.4 8.4 0.0 33
ECF [+ = 29/15-2 4648 480 36.0 o7 123 a3 33 36 51 a.0 125 625 50
lconsinesed om mexs page]
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Table 4 (continued)
P Type el Daspiths CYT) % %P % O M % 5B %M+ 5B TS LM ® LT ®wV w1
KCF DC 30/286 5230 a0 63.3 11.0 120 13 53 (X 40 6.1 &l G35 a2
ECF oC SO2ZAE 52152 1.1 TLE 5T 4] [T o (1] 10 14 14 4EE 486
ECF oC SO2ZAE E273 54 G52 [ BT 13 1= ZE 50 B (i1 29.3 21
ECF Do F0/TMA 5291 307 a0 43 47 aF 1) 27 -1 oo B3 40.0 517
KCF [+ 30133 3001 (-1 n7 as 37 03 [} =1} oo L1 7E 59.2 133
KCF [+ 30133 3932 4537 467 63 TO 23 [} 6 120 L1 153 GEE I59
KCF [+ 30133 396 150 TL0 a3 LE] 30 a7 37 5.0 L1 84 4Z0 s
BOF Do 30,/13-3 97T 171 BTG 120 124 27 s 30 2232 oo 26.5 24.1 49.4
BOF Do 30,/13-3 3981 27 66.3 7.0 B 23 arF 30 ez oo 10.1 671 228
KCF [+ 30,133 3950 57 580 127 120 a7 a7 34 1= o0 145 51.7 337
KCF DC 30,133 399 350 547 67 7= 23 a7 3.0 121 o0 146 G2EB 326
KCF DC 30,133 4008 334 559 53 7O 17 20 37 aks] oo oo GEE 3432
KCF DC 30,133 anT 773 143 67 30 23 30 53 10 o8 0B FEO =4
KCF DC 30,133 4026 B35 391 7 47 17 10 7 pLiki oo 122 G9.E mo
ECF DT 3013-3 a036 E17 417 a4 E] a7 17 24 20 13 13 T1E 56
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Analytical methods

Organic Geochemical Analyses
TOC and Rock-Eval

All samples were mechanically grounded to powder. The TOC content was
quantified with a LECO SC-632 combustion oven tuned to an IR-detector.
Rock-Eval pyrolysis was performed using a Rock-Eval 6 instrument,
allowing direct measurement of free hydrocarbons (S1), remaining
hydrocarbon generative potential (S2), carbon dioxide (CO2) content
produced during thermal cracking (S3), and temperature of S2 maxima
(Tmax) (Espitalie et al., 1977). The pyrolysis programme started at 300 °C
(held for 3 min) and increased to 650 °C (held for 0 min) at 25 °C/min.

Pyrolysis-gas chromatography, Py-GC

Open-system pyrolysis-gas chromatography (Py-GC) was performed using
a HP5890 Il instrument with an MSSV injector and an FID. The column is
a HP-1 (length 50 m, i.d. 0.32 mm, film thickness 0.52 pm) and the injector
unit is from Margot Kéhnen-Willsch Chromatographie & Software. An open
sample tube containing 20 mg of pulverized whole rock was placed in the
system injector at a preheated temperature of 300 °C and volatile compounds
evaporated before the pyrolysis oven was closed. The oven temperature was
increased to 600 °C at a rate of 25 °C/min. The pyrolysis products were
collected in a liquid nitrogen cooled trap for 10 min before being released
into the GC column, whereupon there were released at an initial temperature
of 40 °C (held 13 min), heated to 300 °C at 5 °C/min (held 25 min), and
finally increased to 320 °C at 5 °C/min (held 10min). The pyrolysates were
monitored on-line using a HP-1 capillary column (length 50m, i.d. 0.32 mm,
film thickness 0.52 um) on the GC that was equipped with a flame ionization
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detector (FID). Boiling ranges (C1, C2-C5, C6-C14, C15+) and individual
compounds (n-alkenes, n-alkanes, alkylaromatic, and alkylthiophenes) were
quantified using n-butane as an external standard. Response factors for all
resolved compounds were assumed to be the same. In the case of methane,
a response factor of 1.1 was assumed according to di Primio et al. (1998).

Bulk kinetics

Bulk kinetics uses a Rock-Eval 6 instrument at five different heating rates
(1 °C/min, 2 °C/ min, 5 °C/min, 15 °C/min, 25 °C/min). Kinetics05 software
from Lawrence Livermore National Laboratory (Burnham et al., 1987) was
used to calculate a discrete activation energy distribution (EA) and the
frequency factor (A).

Extraction

Isolation of the extractable organic matter (EOM) was performed using a
Soxtec Tecator instrument. Thimbles were pre-extracted in dichloromethane
with 7 % (vol/vol) methanol, 10 min boiling and 20 min rinsing. The sample
was weighed accurately in the pre-extracted thimbles and boiled for 1 hour
and rinsed for 2 hour in approximately 80cc of dichloromethane with 7 %
(vol/vol) methanol. Copper blades activated in concentrated hydrochloric
acid were added to the extraction cups to cause free sulfur to react with the
copper.

Deasphalting and MPLC

For deasphalting, extracts were evaporated almost to dryness before a small
amount of dichloromethane (3 times the amount of EOM) was added.
Pentane was added in excess (40 times the volume of EOM and
dichloromethane) and the solution was stored for at least 12 hours in a dark
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place before the solution was filtered or centrifuged and the weight of the
asphaltenes measured.

The saturate and aromatic fractions of oils and extracts were separated. The
MPLC was constructed as described by Radke et al. (1980). Two HPLC
pumps, a sample collector, and two packed columns were included in the
system. The precolumn was filled with Kieselgel 100, which was heated at
600°C for 2 hours to deactivate it. The main column, a LiChroprep Si60
column, was heated at 120°C (held for 2 hours) with a helium flow to
evacuate water. An aliquot of approximately 30 mg of deasphaltened oils
and extracts diluted in 1 ml hexane was injected into a sample loop. The
solvents used were hexane and dichloromethane.

Isotopes of SARA Fractions

The stable carbon isotope analysis of the saturate, aromatic,
and asphaltene (SARA) fractions was performed using a Thermo Fisher
Scientific Elemental Analyser held at 1020°C, rising to 1700°C to help
flash-combust the samples. The produced water was trapped on Magnesium
Perchlorate. CO2 was separated by column and flashed into Delta V Plus
Isotope Ratio Mass Spectrometer (IRMS, Thermo Fisher Scientific) via
Conflo IV.

The deasphaltened samples were then loaded into an automatic sampler and
placed in a combustion reactor (Thermo Fisher Scientific Elemental
Analyzer) held at 1020 °C. The produced water was trapped on Magnesium
Perchlorate.

MSSV Closed-System Pyrolysis

Compositional kinetic modeling follows the approach described by
Horsfield et al. (1989) and Dieckmann and Keym (2006). Milligram
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amounts were sealed in glass capillary tubes (five tubes per sample) and
heated at a single heating rate (0.7 °C/min) to final temperatures
corresponding to preselected transformation ratios (10%, 30%, 50%, 70%
and 90%). The temperatures corresponding to the selected transformation
ratios were determined by simulated heating of the bulk kinetics parameters,
as estimated from the Rock-Eval pyrolysis data, at the specified heating rate.
The sample tubes were placed in the injector system and then broken when
pressure had stabilized after 4 min. The composition of the generated
hydrocarbon products was analyzed by thermovaporisation-gas
chromatography (Tvap-GC) as described above. Compositional models with
two (oil and gas), four (C1, C2-C5, C6-C14 and C15+), and fourteen (C1,
C2, C3, i-C4, n-C4, i-C5, n-C5, pseudo-C6, C7—C15, C16-C25, C26-C35,
C36-C45, C46-C55, C56—-C80) components were developed.

Prediction of petroleum physical properties

For prediction of petroleum physical properties such as saturation pressure
(Psat), gas to oil ratio (GOR), and formation volume factor (Bo), the Phase
Kinetics approach by di Primio and Horsfield (2006) was followed. The
estimation of petroleum phase was carried out using the fluid description
consisting of 14 components, seven in the gas range (C1, C2, C3, i-C4, n-
C4, i-C5, n-C5) and seven in the liquid range (pseudo-C6, C7-C15, C16-
C25, C26-C35, C36-C45, C46-C55, C56-C80; di Primio and Horsfield,
2006).

Because of the comparably low content of methane in gases derived from
pyrolysis experiment and its impact on phase behavior (di Primio et al.,
1998; di Primio and Skeie, 2004; di Primio and Horsfield, 2006), its relative
abundance needs to be corrected following the approach by di Primio and
Horsfield (2006). The correcting procedure consisted in iterative adjustment
of the methane to wet gas ratio, assuming decreasing gas wetness ratio for
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increasing transformation ratio, and shifting of the trends of Psat against
GOR and Psat against Bo closer to the linear trends typically observed in
natural petroleum systems (di Primio and Horsfield, 2006). The properties
of the C7+ lumped fractions were then calculated from the corresponding
properties for C7 to C80 single carbon number groups by mass weighted
averaging as described by Pedersen et al. (1985). The tuned component
descriptions from MSSV closed-system pyrolysis were combined with the
bulk kinetic model from open-system pyrolysis. The 14 components were
allocated to the non-zero reaction weights from the bulk kinetic model, so
that simulation of the resultant 14-component kinetic model best-fits the
MSSV data. A coordinate-wise stochastic search algorithm (Zabinsky et al.,
1993; Zabinsky, 1998) was used to compute a least-squares best-fit of the
compositional kinetic model to the tuned compositional descriptions.

Gas Chromatography of whole oil and EOM

Whole-oil gas chromatography was performed on an Agilent 7890 gas
chromatograph coupled with a Hewlett Packard-PONA capillary column (50
m X 0.2mm, film thickness = 0.50 um) used to resolve hydrocarbons to n-
C40. A constant flow of hydrogen carrier gas was used through the entire
gas chromatographic run. Components were detected by a flame ionization
detector (FID). Oven temperature was programmed to run from 30°C (hold
for 10 minutes) to 60°C (hold for 10 minutes) at 2°C/min, then rise to 130°C
at 2°C/min, and finally increase to 320°C at 4°C/min (hold for 25 minutes).
Prior to injection, oil samples were prepared for analysis by homogenization
and addition of internal standards. The internal standard used was 2,2,4-tri-
methyl-pentane.

As for the extracted samples, the Hewlett-Packard 7890 gas chromatograph
was equipped with a FID and a CP-Sil-5 CB-MS column (30 m x 0.25 mm,
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film thickness 0.25 um). The oven temperature was programmed from 50°C
to 320°C at 4°C/min (hold for 25 minutes).

Gas Chromatography-Mass Spectrometry

Gas Chromatography-Mass Spectrometry (GC-MS) was carried out on a
Thermo Scientific TSQ Quantum instrument. A FactorFour VF-1ms column
(60 m x 0.25 mm, film thickness = 0.25 um) was used. The instrument was
tuned to a resolution of 0.7 mass units. The collision energy was 15 V with
Argon as the collision gas at a pressure of 1.0 mtorr. The oven starting
temperature was 50°C (hold for 1 minute) and was programmed to rise from
50°C to 225°C at 20°C/min, then from 225°C to 300°C at 2°C/min, and
finally from 300°C to 320°C at 20°C/min (hold for 20 minutes). The internal
standard was d4-27aaR.

Petrographic Analyses

The samples for microscopy were crushed and sieved through a 16-mesh
sieve, and then embedded in thermoplastic epoxy in 2.54 cm molds. The
pellets were ground and polished according to ASTM standards (ASTM,
2011). All samples were investigated under both white and UV-light using
a Zeiss Axio-Scope Al at 500x (10x eyepiece, and 50x% objective) in
immersion oil. White- and UV-light was provided by an X-Cite 120 LED
light source. Point-counts were conducted using a proprietary automated
point-counter attached to the stage of the Zeiss Axio-Scope. As macerals and
minerals were identified under the crosshairs in the field of view, data were
captured using proprietary software: once the petrographer made a count,
the computer and motorized stage would then automatically move step-wise
to a new, random field of view. Three-hundred counts of macerals and
minerals were made for each sample. If there was insufficient organic matter
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after the 300 counts, counting was continued until 100 total counts of organic
matter were collected. The resolution of the microscope is 1 pm (>1 um).
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