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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, I 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, I supported Professor Alejandro Escalona and 

Sverre Ohm in teaching the Introductory Geology bachelor course 

(GEO100) and the Petroleum Systems master course (GEO690), 

respectively. I 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, I have authored other 2 

papers and coauthored one more, which are complementary to the main 

publications (Annex 2). Likewise, I have presented several aspects of this 

research in academic and industry conferences.  

https://wp.ux.uis.no/julocra/
http://cbth.uh.edu/
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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 I 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 
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tentatively explained as the result of varying degrees of diagenetic alteration 

of the organic matter. 

Paper II builds on Paper I 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 III 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 
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(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‰ 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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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., δ13C) 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 ‰) to shallower-water facies 

(Bissada et al., , 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 

δ13C 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 δ13C 

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 δ13C 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 I and II) and 

North (Paper III) 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 I 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 II builds on Paper I 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 III implements a 

workflow similar to that in Paper I 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 IV, this work discusses the 

existence of varyingly high abundances of extended tricyclic terpanes and 

their possible significance. 



Introduction 

9 

 

Figure 2. Mass chromatograms of terpanes (m/z 191) of a representative oil from 

the Norwegian Barents Sea (A), Barbados (B), and Suriname (C). The extended 

tricyclic terpane ratio after both Holba and Zumberge are annotated for each oil. 
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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; Cedeño 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.  
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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). 

 

Figure 4. A. East–west seismic line showing the stratigraphy and structural 

provinces of the Barbados accretionary prism based on the dominant structural 

style. Modified from Chaderton (2005). B. Generalized stratigraphic column of the 

Barbados Island. Modified from Deville and Mascle (2012). The main structural 

events described in the text are annotated.  
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Figure 5. Generalized stratigraphic column of the Guyana Basin. The main 

structural events described in the text are annotated. Modified from Bihariesingh 

(2014) and Crawford et al. (1985). The Triassic–Jurassic stratigraphy of the Takutu 

Graben as described by Crawford et al. (1985) is assumed. 
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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 Cedeño 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; Nemcŏk 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; Cedeño 

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 HI 

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 III 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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Figure 7. Maps of the southwestern Barents Sea (A) and the northern North Sea 

(B) displaying the main structural elements. In figure B, the Kimmeridge Clay in 

the |UK sector and its Norwegian equivalents are outlined. Modified from the NDP 

fact pages and Skarstein et al., (2022). 

A
B
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2.2.2  North Sea, Upper Jurassic source rocks 

The North Sea is a post-Caledonian graben system (Færseth, 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, Færseth, 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 

(Nøttvedt 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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3. State of the art  

3.1 Stable carbon isotopes as organofacies 

parameter  

Stable carbon isotope compositions (reported as δ13C) represent the 

deviation from the 13C/12C ratio of the standard carbonate-carbon in the Pee 

Dee Belemnite expressed in units per mill ‰ (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 δ13C 

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 δ13C 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 δ13C signature of sedimentary 

organic carbon accumulated in a potential source rock results from a 

complex interaction of factors. In short, the δ13C of the organic matter 
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available for transformation into petroleum depends on its original δ13C 

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 

ß-factor. The larger the value of the factor, the greater the concentration of 

the heavy 13C isotope is. Because the ß-factor is temperature-dependent, the 

δ13C 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 13C enriched 

carbon like formyl or carboxyl leads to enrichment of the organic matters in 

the light 12C isotope. Conversely, elimination of methoxy or methyl groups 

results in organic matter enriched in the heavier 13C isotope.  

Marine plants are enriched in the heavier 13C 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 

δ13C values of planktonic species decrease with increasing water depth and 

latitude (i.e. -18‰ to -20‰ in the equator to -23‰ 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 δ13C 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 δ13C 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 δ13C 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 δ13C of the bulk organic matter during diagenetic alteration is in the range 

of 0 to 2 ‰ 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 13C isotope 

enrichment caused by degradation of labile compounds and simultaneous 

lighter isotope increase due to selective preservation of resistant 13C-

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 13C due to the contribution of chemosynthetic bacteria, 

whose isotope fractionation is greater than that of photosynthetic bacteria by 

4–6‰ (Ruby et al., 1987). In environments with sulfate reduction, carbon 

isotope  fractionation  varies  in  magnitude  and  direction  according  to  the 
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Figure 9. Variation of δ13C of particulate organic matter during experimental oxic, 

anoxic, and anoxic excess SO-2 microbial decomposition of plankton. Modified 

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‰) residue due to the kinetic 

isotope effect (Figure 10; Chung and Sackett; 1979; Galimov, 1980; Peters 

et al., 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 13C with 

increasing maturity (Lewan, 1983; Tocque et al., 2005). 

Andrusevich et al. (1998) used the δ13C of the saturate fraction of oils and  

recognized a systematic enrichment in 13C 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 δ13C values lighter than 

pyrolysates from the coaly shales of the Åre 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 δ13C 

lightest values (i.e., overall lighter than 30‰) originated from Upper 

Paleozoic sources, and those with intermediate δ13C 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 kinetic 

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-II 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  
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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/C23 

tricyclic terpane ratio as a function of the C22/C21 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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Figure 12. Cross-plots of terpane ratios comparing the Suriname and Barbados oils 

to a cosmopolitan dataset (in Zumberge et al., 2016) of petroleum systems from 

known source rock lithofacies. A. C24/C23 versus C22/C21 (after Peters et al., 

2005) used for source rock lithology assessment. B. C24 tetracyclic/C23 tricyclic 

terpane vs C26 tricyclic/Ts (after Zumberge et al., 2016) employed for assessing 

upwelling in the source rock sedimentary environment. 
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3.3.2 Extended tricyclic terpanes in oil geochemistry  

The biological source and precursor molecule of the extended tricyclic 

terpane series (i.e., C27 - C54; 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 C28 and C29 over Ts (i.e., ETRRH) 

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 

ETRRH 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 ETRRH (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 C26 S+R /C27 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 C26/Ts ratio values (i.e., > 2). Such 

diagnostic characteristic should also be manifest as high C28 and C29 

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 C26/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 III, which I 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. 

Table 1. Geochemical and petrographic analyses employed in this study 

discriminated by paper. 

Analysis Paper I Paper II Paper III Paper IV 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

Oil Isotopes 291 11 15
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Figure 13. Flow chart of the geochemical analytical methods employed in this 

study. 

 

4.1 Source rocks 

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 I and III, 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 III, 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 III). 

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. 



Data and Methods 

36 

 
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=Jæren High, EB=Egersund Basin, UH=Utsira High, ØFC=Øygarden 

Fault Complex, VG=Viking Graben, SB=Stord Basin, TS=Tampen Spur, 

HP=Horda Platform. 

A
B
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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 15. A. Geological map of the Barbados Island, southeastern Caribbean 

margin, showing the location of samples analyzed in this study; B. Topographic–

bathymetric map showing the location of the study area and the main geological 

features of the region. In addition, oil fields and discoveries, oil shows, and relevant 

exploration blocks are displayed. 

A
B
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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.  

A
B

C
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5. Summary of Papers  

5.1 Paper I. Upper Jurassic to Lower Cretaceous 

source rocks in the Norwegian Barents Sea, part I: 

Organic geochemical, petrographic, and 

paleogeographic investigations 

Paper I 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 Bjørnøyrenna 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 ≤ 

435⁰C) 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 III to II-III kerogens and are generally consistent with the 

high proportions of terrestrial macerals. Prior to thermal maturation, marine 
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type II kerogens (i.e. ≥ 400 mgHC/gTOC) probably existed in the marine 

liptinite-rich rocks in the distal Hammerfest Basin and Bjørnøyrenna 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 II. Upper Jurassic to Lower Cretaceous 

source rocks in the Norwegian Barents Sea, part 

II: insights from open- and closed-system 

pyrolysis experiments 

Paper II builds on Paper I 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.  
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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 I for abbreviations of 

geological provinces.  
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Figure 18. Volume percentage of terrestrial macerals (i.e., vitrinite + terrestrial 

liptinites) cross-plotted versus carbon isotope values of the δ13C saturate (δ13C 

SAT) (A), aromatic saturate (δ13C ARO) (B), and asphaltenes saturate (δ13C ASP)  

(C) fractions of extracted source rock samples. Samples are color-coded based on 

geological provinces. 
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Figure 19. A. Average activation energy distributions computed according to the 

volumetrically predominant maceral (i.e., marine liptinites, terrestrial liptinites, 

vitrinites) in each sample in Paper II. Vitrinite subset = A, B, E; terrestrial liptinite 

subset = D, G, I, J, M, N; marine liptinite subset = C, F, H, K, N. See Table 1 in 

Paper II for maceral assemblages of individual samples. B. Ternary diagram of n-

C9 alkene (n-C9:1), ortho-xylene (O-Xylene), and 2,3 dimethyl-thiophene (2,3-

DM-Thiophene) used for kerogen classification according to Eglinton et al. (1990). 
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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 123⁰C to 

144⁰C (at 3.3C⁰/Ma). This temperature range equates to a difference of up to 

700 m of burial if a thermal gradient of 30⁰C 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 Ringvassøy-Loppa High and Bjørnøyrenna 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 I 

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 III. Facies Variations in the Upper Jurassic 

Source Rocks of the Norwegian North Sea: From 

Micro to Macro Scale (Skarstein et al., 2022) 

Paper III 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 IV, 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 Cedeño et al. (2021a). 
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Figure 20. A. Vitrinite volume percentage (vol%) plotted against carbon isotope 

values of the saturate fraction (δ13C SAT) of source rock extracts. Isotope 

compositions are seen to become isotopically heavier with increasing vitrinite 

content. B. Pristane/phytane (Pr/Ph) ratios cross-plotted against δ13C SAT of oils 

from the Norwegian North Sea. δ13C values are seen to become increasingly heavier 

with increasing Pr/Ph ratios. Figures are modified from Paper III by Skarstein et 

al., (2022). 
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Figure 21. A. Cross-plot of carbon isotopes of the saturate (δ13C SAT) and aromatic 

(δ13C 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. Oils 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‰ heavier than that of the Group A oils (Figure 23). 
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Figure 22. A. Cross plots of C35/ C34 homohopanes versus C29/ C30 hopanes 

ratios showing facies variations in several basins and comparing them with the 

Barbados sample set. B. Map showing regional variations in lithology and redox 

conditions during deposition of Cretaceous source rocks. Average calculated ratios 

C29/C30 hopanes (lithology) and C35/C34 homohopanes (redox conditions) are 

displayed for every basin. 

A

B
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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. 
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Figure 23. Plot of stable carbon isotopes of the saturate (δ13C SAT) versus aromatic 

fractions (δ13C 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., δ13C) 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 III, respectively) contribute to such topic.  

In Figure 18, the δ13C 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 δ13C 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 δ13C 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 δ13C result from thermodynamically ordered 
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isotope re-distribution within the kerogen network. Paper I thus 

demonstrates that after diagenesis the δ13C of the organic matter preserved 

in the sedimentary record has been modified, setting a “new” post-diagenetic 

δ13C 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 III. 

Opposite to the scenario described in the Hekkingen case, the isotopic 

composition of the saturate fraction (i.e., δ13CSat) is gradually depleted in 

lighter 12C (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 δ13CSat 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 δ13C 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 δ13C 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 δ13C 
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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 III and V, respectively. Increasing thermal 

maturation is acknowledged to shift the δ13C 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 δ13C of the oil data set as 

indicated by the weak correlation between δ13Csat 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 δ13C 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 II 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 (δ13C SAT) and aromatic fractions (δ13C 

ARO) for a set of Wilcox-derived oils. The cross-plots show a trend towards lighter 

δ13C values with increasing terrestrial inputs. D. C27 Ts/Tm versus δ13CSAT 

showing a weak correlation between maturity and δ13C values.   
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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 II). 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, II, and III 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 II 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 III and corresponding analytical data for selected 

sediments extracts with both maceral and kinetic analyses from the Barents 

Sea data base in Paper II. It is intended only as a preliminary review for  
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Figure 25. A. Cross plot of (C19/C20)/(C21+C22) tricyclic terpanes versus 

pristane/phytane (Pr/Ph) ratios for selected source rock extracts from the 

Hekkingen Formation with distinctive maceral compositions and kinetic properties. 

B. Hekkingen source rock extracts integrated with Barbados, Suriname, and North 

Sea (background) oil data sets as a potential proxies for inverting oil biomarker to 

source rock kinetics.  
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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 (C19+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 kinetic 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 ETRHR (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 IV exhibit 

ETRHB 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 ETRHR 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 

end-members in B. 

Organofacies scheme after 

Pepper and Corvi (1987). 
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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 δ13C 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 δ13C of the generated fluids, 

which can, in turn, be related to the source organic components and 

compared to the pre- and post-diagenetic δ13C. 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. 

 

2. 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. 

3. 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. 

 

4. 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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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 II 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 μm) and the injector 

unit is from Margot Köhnen-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 μm) 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 × 0.2mm, film thickness = 0.50 μm) 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 × 0.25 mm, 



Appendix 

 

209 

film thickness 0.25 μm). 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 × 0.25 mm, film thickness = 0.25 μm) 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 d4-27ααR. 

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 A1 at 500× (10× eyepiece, and 50× 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 μm (≥1 μm). 

 




