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A B S T R A C T   

The petroleum generation potential of Upper Jurassic to Lower Cretaceous organic rich shales from the south-
western Barents Sea was evaluated using bulk and quantitative pyrolysis analysis. Fifteen thermally-immature 
samples from the Hekkingen Formation with differing organic facies, as defined by maceral composition, were 
subjected to 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. 

The investigated samples contain varying proportions of kerogen type II and III. Heterogeneities in the kerogen 
composition result in different orders of thermal stability, with the onset of petroleum generation predicted to 
occur over a high and broad temperature range from 123 ◦C to 144 ◦C (at 3.3C⁰/Ma). Reduced kerogen stability 
associated with elevated sulfur contents is only documented in a few samples. Most of the analyzed samples have 
the potential to generate low GOR oils of an intermediate to aromatic, low wax paraffinic-naphthenic-aromatic 
(P–N-A) composition and variable amounts of wet gas. Petroleums of similar compositional and physical prop-
erties 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 com-
plexes. Vitrinite-rich sources in the Fingerdjupet Sub-basin and the Troms-Finnmark Fault Complex have po-
tential for gas and condensate generation.   

1. Introduction 

The Norwegian Barents Sea hosts various petroleum source rock 
intervals ranging in age from Carboniferous to Early Cretaceous (Hen-
riksen et al., 2011a; Ohm et al., 2008; Abay et al., 2017). The clastic 
rocks of the Upper Jurassic Hekkingen Formation constitute the most 
widespread and one of the most prolific sourcing intervals. These 
extended deposits are records of a Late Jurassic epicontinental sea 
inundating vast areas of the western Barents Shelf (Fig. 1). Development 
of suboxic to anoxic conditions and the coincidental increase in bio-
logical carbon productivity favored accumulation of 
organic-carbon-rich sediments. Total organic carbon (TOC) values in the 
Alge Member are typically higher than in the overlying Krill Member as 

demonstrated by Cedeño et al., 2021 and affirmed by the general liter-
ature (Henriksen et al., 2011a; Ohm et al., 2008; Abay et al., 2017). 

Geochemical characterization of oils in the southwestern Barents Sea 
has been conducted by Ohm et al. (2008), Duran et al. (2013a), Killops 
et al. (2014), Murillo et al. (2016) and Lerch et al. (2016). Their studies 
concluded that the organic-rich facies of the Hekkingen Formation 
provides a source for some of the migrated petroleum within the Snøhvit 
and Goliath fields, and various sub-commercial accumulations across 
the southwestern Barents Sea. These observations are also supported by 
the basin modelling work of Duran et al. (2013a and b). 

Cedeño et al., 2021 analyzed the geochemistry and compositions of 
the solid organic matter constituents of more than 300 samples widely 
distributed across the southwestern Barents Sea to characterize the 
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depositional nature and organic facies variability within the Hekkingen 
Formation. This study recognized remarkably high contents of oil-prone 
amorphinite in the southern part of Bjørnøyrenna Fault Complex as well 
as a westwards enrichment in marine algae within the Hammerfest 
Basin, the latter being more pronounced within the Alge Member 
(Fig. 2). Their study also showed that the Hekkingen Formation in the 
Nordkapp Basin and the adjacent Bjarmeland and eastern Finnmark 
platforms contains mostly terrestrial-derived particles. 

The generative potential of source rock kerogens depends essentially 
on the character of the primary biomass and dictates the gross compo-
sition of generated petroleum (Demaison and Moore, 1980; di Primio 
and Horsfield, 2006). Inherently, varying proportions of marine and 
terrestrial macerals reported within the Hekkingen Formation invokes 
heterogeneity in kerogen thermal stability and, importantly, in physi-
cochemical properties of the generated petroleum. In this study, 
non-isothermal open-system pyrolysis is used for modeling bulk kinetic 
parameters of primary petroleum generation from fifteen samples cho-
sen to capture the variability in organic facies, as defined by maceral 
compositions, within the Hekkingen Formation. Results from open 
pyrolysis-gas chromatography (Py-GC) and compositional kinetic 
models are employed to predict petroleum type and physical properties 
under increasing maturity. Additionally, the present study produces a 
map that illustrates the variation in kinetic parameters and predicted 
petroleum types generated from the natural maturation series of various 
organic facies across the southwestern Barents Sea. The results of this 
study can be readily implemented in basin and petroleum system studies 
of the Barents Sea and other basins alike. 

2. Structural setting and stratigraphy 

The western Barents Sea is divided into several basins (Hammerfest, 
Tromsø, Bjørnøya, Nordkapp, Fingerdjupet), platforms (Bjarmeland and 
Finnmark), and structural highs (Loppa and Central highs and Samson 
and Svalis domes) separated by major fault complexes (Troms-Finn-
mark, Ringvassøy-Loppa, Asterias, Bjørnøyrenna, Nysleppen and Hoop) 

(Fig. 2; Clark et al., 2014; Blaich et al., 2017; Indrevær et al., 2017; 
Mulrooney et al., 2017; Serck et al., 2017; Kairanov et al., 2019; Faleide 
et al., 2019; Tsikalas et al., 2021). Long term Cenozoic uplift in the 
greater Barents Sea has resulted in net erosion values that vary from 0 to 
more than 3000 m (Riis, 1996; Doré et al., 2000; Cavanagh et al., 2006; 
Henriksen et al., 2011b). 

The geological evolution and deposition of Middle Jurassic to Lower 
Cretaceous successions within the western Barents Sea was largely 
controlled by a global eustatic sea level rise and renewed tectonic ac-
tivity (Sund et al., 1986; Berglund et al., 1986; Faleide et al., 1993; 
Gernigon et al., 2014; Serck et al., 2017; Rojo et al., 2019; Kairanov 
et al., 2021). Development of an epicontinental sea and intensified 
organic carbon productivity during the Late Jurassic allowed for depo-
sition and burial of organic rich sediments over vast areas of the conti-
nental shelf. These clastic sediments are collectively referred to as the 
Hekkingen Formation (Norwegian Petroleum Directorate, https://www. 
npd.no/en/). This formation has an unconformable basal contact with 
rocks of the Fuglen Formation, although it may locally grade to a 
conformable surface, and unconformably underlies the Lower Creta-
ceous units along the regionally extended Base Cretaceous Unconfor-
mity (Århus, 1991; Bugge et al., 2002; Marín et al., 2018; Wierzbowski 
and Smelror, 2020). 

The sedimentary character of the Hekkingen Formation changes 
from a black shale-dominated succession at the base to a silt-dominated 
succession at the top, and is, therefore, subdivided into the Alge and Krill 
members, respectively (Dalland et al., 1988; Mørk et al., 1999). Based on 
palynological data, Dalland et al. (1988), Georgiev et al. (2017), Mørk 
et al. (1999), and Smelror et al. (2001) estimate an Oxfordian to Kim-
meridgian age for the lower Alge Member and a Kimmeridgian to Rya-
zanian age for the upper Krill Member. 

The Alge Member ranges in thickness from 35 m in the Hammerfest 
Basin to up to 185m (well 7129/8-1-s) in the Bjørnøyrenna Fault Com-
plex (Mørk et al., 1999; Marín et al., 2020; Cedeño et al., 2021). These 
black shales are largely associated with deposition in an 
oxygen-depleted shelf (Mørk et al., 1999), but short phases of more 
oxygenated bottom water conditions have also been recognized. The 
Krill Member displays higher variations in thickness, from absent in 
some wells in the southwestern Barents Sea (e.g. 7120/2-3s) to over 600 
m within the Bjørnøyrenna Fault Complex (Marín et al., 2020). These 
sediments were deposited in a wide range of bathymetric conditions 
ranging from a shallow shelf to deep marine environments (Mørk et al., 
1999; Marín et al., 2020; Helleren et al., 2020). Marín et al. (2020) 
interpret the Krill Member to have been deposited during a more 
tectonically active period. 

Total organic carbon data shows that the main section of enhanced 
organic richness occurs within the lower Alge Member (Henriksen et al., 
2011a, 2011b; Marín et al., 2020; Cedeño et al., 2021). Hydrogen 
indices (HI) from 50 to 430 mg hydrocarbon per gram TOC (50–430 mg 
HC/g TOC) are recorded for Alge and Krill immature samples, which are 
typically associated with kerogen assemblages ranging from III to II. This 
suggests that both the Alge Member and the more discrete organic-rich 
Krill Member possess similar generative potential (Ohm et al., 2008; 
Henriksen et al., 2011a, 2011b; Cedeño et al., 2021). HI values in the 
central-western Hammerfest Basin and the Bjørnøyrenna Fault Complex 
are low owning to high thermal maturity. Cedeño et al., 2021 estimate 
an original HI value of 400 and at least 500 mg HC/g TOC for the 
Hekkingen members in these areas, respectively, which are consistent 
with Type II kerogens. 

3. Samples and methods 

A total of 235 cuttings and core samples from the Hekkingen For-
mation were collected from 35 oil and stratigraphic (i.e. IKU strati-
graphic Drilling Projects) wells distributed across the southwestern 
areas of the Barents Sea (Fig. 2). All samples were obtained from the 
Norwegian Petroleum Directorate (NPD) and SINTEF well repositories. 

Fig. 1. Paleogeographic location of the Barents Sea within the northwestern 
European Shelf at the Oxfordian-Kimmeridgian boundary (Paleomap Project, 
Scotese, 2016). 
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The sampled intervals were selected based on the stratigraphic bound-
aries of the Hekkingen Formation as defined by the NPD and preexisting 
geochemical results from well completion reports. 

In an initial phase, samples underwent TOC and Rock-Eval analysis. 
Aliquots of each sample were pulverized and subdivided in two. The 
TOC content was quantified with a LECO SC-632 combustion oven tuned 

Fig. 2. Map of the southwestern Barents Sea illustrating the variability in maceral compositions within the Alge (A) and Krill (B) members across the various 
geological provinces. The pie diagrams represent the average (i.e. per well) maceral compositions calculated from the microscopic analysis in Cedeño et at. (2021). 
Relevant wells used in this study are shown (See Table 1). A present-day maturity overlay of the Hekkingen Formation calculated from Tmax Rock-Eval data is also 
displayed. BP= Bjarmeland Platform, HFC= Hoop Fault Complex. MB = Maud Basin, MH = Mercurius High, NB= Nordkapp Basin, EFP = eastern Finnmark Platform, 
ND= Norvarg Dome, SG= Swaen Graben, SD= Samson Dome, FSB= Fingerdjupet Sub-basin, BB= Bjørnøya Basin, BFC= Bjørnøya Fault Complex, PSP= Polhem Sub- 
platform, LH = Loppa High, NFC= Nysleppen Fault Complex, HB= Hammerfest Basin, CH= Central High, RLFC = Ringvassøy-Loppa Fault Complex, TB = Tromsø 
Basin, FP= Finnmark Platform, TFFC = Troms-Finnmark Fault Complex. 

Table 1 
Sample information, whole rock and maceral composition, and bulk source rock geochemical results (i.e. Rock-Eval and TOC) of the fifteen studied 
samples. These samples were selected from a regional study documented in Cedeño et al., 2021. 
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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) (Espitalié et al., 1977). All samples were also subjected to 
organic and mineral petrographic analysis following the methods 
described in Cedeño et al., 2021. Fifteen thermally-immature source 
rocks samples representing the most common maceral assemblages were 
selected for artificial maturation experiments (Table 1). To ensure 
thermal immaturity, sample selection was limited to wells drilled near 
structural highs (i.e. wells 7231-1-U-1, 7227/8-U-3, 7125/1-1) or well 
sections interpreted to have experienced significant organic matter 
dilution (i.e. well 7120/10–1; see Fig. 4 in Cedeño et al., 2021). Where 
available, core material was prioritized over cuttings. 

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 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 stan-
dard. 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). 

To constrain bulk kinetic parameters of primary kerogen to petro-
leum transformation, the 15 samples were subjected to non-isothermal 
open-system pyrolysis at five different heating rates (1 ◦C/min, 2 ◦C/ 
min, 5 ◦C/min, 15 ◦C/min, 25 ◦C/min) using a Rock-Eval 6 instrument. 
Kinetics05 software from Lawrence Livermore National Laboratory 
(Burnham et al., 1987) was used to calculate a discrete activation energy 
distribution (EA) and the frequency factor (A). 

Non-isothermal, closed system pyrolysis-gas chromatography using 
micro-scaled sealed vessels (MSSV Closed-System Pyrolysis) was used 
for compositional kinetic modeling following the approach described by 
Horsfield et al. (1989) and Dieckmann and Keym (2006). Milligram 
amounts of five selected samples 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 heat-
ing 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 sta-
bilized 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. 

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). 

The composition of pyrolysis gases differs substantially from natural 
gas (Mango, 1996, 2000, 2001). The most important difference is the 
comparably low content of methane in gases derived from pyrolysis 
experiment (di Primio and Horsfield, 2006). Methane is known to have 
the highest impact on the phase behavior (di Primio et al., 1998; di 
Primio and Skeie, 2004) and, therefore, 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 
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 prop-
erties of the C7+ lumped fractions were then calculated from the cor-
responding 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 com-
bined 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. 

It is instructive to highlight that the accurate prediction of natural 
fluid properties is limited by the fundamental difference between the 
bulk composition of naturally generated petroleum and that of kerogen 
pyrolysates regardless of kerogen type or pyrolysis techniques (Karlsen 
and Larter, 1991; Larter and Horsfield, 1993; Horsfield, 1997). Natural 
oils are hydrocarbon-rich systems, while pyrolysates consist of 
comparatively higher proportions of aromatic and polar compounds 
(Urov, 1980; Castelli et al., 1990; Karlsen and Larter, 1991). 

4. Results 

4.1. Rock-Eval, TOC, and maceral assemblages 

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

The investigated samples have not reached thermal stress levels 
required for petroleum generation and expulsion as indicated by their 
Tmax Rock-Eval temperatures that are mostly equal or lower than 426 ◦C 
(Table 1). A Tmax value of 432 ◦C was reported for sample E; however, 
based on its high relative abundances of thermally stable vitrinites 
(Table 1), it is interpreted to retain most of the original generative po-
tential. Thus, the variations in TOC, HI, and maceral composition are 
expected to be primarily related to organic facies. This study did not find 
any detectable changes in the pyrolysis-gas chromatography data 
resulting from maturity variations in the sample set (i.e. Tmax =

403–432 ◦C) that may affect the interpretations. 
The maceral composition of the investigated samples comprises a 

wide range of assemblages ranging from terrestrial dominated (i.e. vit-
rinite and terrestrial-derived liptinite) to marine dominated (i.e. marine- 
derived liptinite) (Table 1). Fragments of detrovitrinite and primary 
vitrinite constitute the bulk of the vitrinite group, whereas sporinite, and 
only occasionally cutinite and resinite, predominates in the terrestrial 
liptinite sub-group. The marine liptinite sub-group consists mainly of 
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Fig. 3. Total organic carbon (A), oxygen index (B), and liptinites (C) versus hydrogen index cross-plots of studied samples. Maturation pathways for the three main 
kerogen types in plot B are shown after Cornford (1998). 

Fig. 4. Representative pyrolysis–gas chromatograms of eight selected source rocks samples. B = benzene, T = toluene, 2 mT = 2-methyl-thiophene, m + p xylene =
meta + para-xylene, 2,3dmT = 2,3 dimethyl-thiophene, o-X = ortho-xylene, N = naphthalene. TOC = total organic carbon - wt%; HI = hydrogen index – mgHC/ 
gTOC; Tmax = Tmax Rock-Eval - ◦C. 
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alginite particles (i.e. lamalginite, tasmanites, dinoflagellates). Only 
sample H contains elevated amounts of amorphinite, a marine kerogen 
maceral known to possess a high oil-proneness. A positive correlation 
between HI and liptinites is shown in Fig. 3C. The low to only modestly 
high hydrogen richness in the studied samples is coincident with the 
elevated inputs of autochthonous terrestrial inputs (see Cedeño et al., 
2021). 

4.2. Predicted petroleum type from Py-GC 

Open system pyrolysis gas chromatography (Py-GC) was conducted 
on fifteen selected samples with distinctive maceral assemblages 
(Table 1) to characterize the macromolecular composition of kerogen 
pyrolysates and predict the generated petroleum types. Boiling ranges 
for C1, C2–C5, C6–C14 and C15+ and individual compounds were quan-
tified up to n-C32 for most of the sample set (Fig. 4). Straight-chain 
aliphatic hydrocarbons, i.e. n-alkane/n-alkene doublets, dominate the 
pyrolysate. There is a systematic decrease in abundance of n-alkane/n- 
alkene doublets with increasing carbon number in the Py-GC traces. The 
precursors of aliphatic hydrocarbons in the source rock kerogens could 
be lipids inherited from aliphatic biopolymers (Tegelaar et al., 1989) or 
lipids incorporated through either condensation reactions (Tissot and 
Welte, 1984) or quenching of labile functionalized lipids with inorganic 
sulfur acting as a reactant during early diagenesis (Sinninghe Damste 
et al., 1989). 

Besides aliphatic hydrocarbons, the most prominent individual 
compounds in the pyrolysate are, in descending order, mono-aromatic 
hydrocarbons (i.e. benzene, alkylbenzenes, trimethylbenzenes), sulfur- 
containing compounds (i.e. mostly alkylated thiophenes), and dia-
romatic hydrocarbons (i.e. naphthalenes and methylnaphthalenes) 
(Fig. 4). Relatively high abundance of mono-aromatic hydrocarbons is 
often linked with terrestrial organic inputs (Tissot and Welte, 1984; 
Horsfield et al., 1992). In this study, such an assertion is supported by 
the relative abundance of toluene being greater than the C7 n-alkyls in 
the more terrestrially-influenced samples (Fig. 4E), but are of similar or 
lower abundance in the marine liptinitic samples (Fig. 4H). Other 
mono-aromatic compounds such as benzene and meta + para-xylene 
sometimes occur in greater abundance than n-alkyls of the same carbon 
numbers. The most and least prominent thiophene compounds are 
2-methyl-thiophene and 2,3-dimethylthiophene, respectively, but these 
are overall less abundant than the corresponding n-alkyls. 

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

sulfur content of the organic matter (Eglinton et al., 1990). The ternary 
diagram in Fig. 5A uses a sulfur-bearing (i.e. 2,3-dimethylthiophene), an 
aromatic (i.e. ortho-xylene) and an aliphatic compound (i.e. n-alkene 
n-C9:1) for discriminating between freshwater lacustrine (Type I), 
terrestrial (Type III), clay-rich marine (Type II) and sulfur-containing 
carbonated environments (Type IIS). Twelve of the pyrolyzed samples 
yield varyingly low amounts of sulfur-bearing compounds, whereby 
they plot in the sulfur-poor kerogen type II and III fields. Kerogen py-
rolysates falling in the kerogen type II field typically contain 50% by 
volume liptinitic macerals, either marine or terrestrial, and HI values 
generally higher than 250 mg HC/g TOC (Table 1). The pyrolysate 
products from sample E plot well into the kerogen type III field. This is 
consistent with the high concentrations of humic kerogen of a vitrinitic 
nature (i.e. 76%) and the very low HI value of 115 mg HC/g TOC 
(Table 1). 

The kerogen pyrolysates of samples J, K, and L possess higher sulfur 
contents as compared to the other samples and plot in, or close to, the 
type IIS field (Fig. 5A). Pyrolysates with this relatively high thiophenic 
sulfur abundance are typically associated with clay-poor source rocks 
containing sulfur-rich kerogens (i.e. type IIS; Tissot et al., 1987; Eglinton 
et al., 1990; Braun et al., 1991; Tegelaar and Noble, 1994; Schaeffer 
et al., 1995; Orr, 1986; di Primio and Horsfield, 1996; Hartwig et al., 
2012). The clastic mineralogy reported for these samples (Table 1) fails 
to support the composition derived from their pyrolysates. It is possible 
that the elevated concentration of 2,3-dimethylthiophene resulted from 
the early elimination of organically-bound sulfur occurring naturally in 
some terrestrial-derived materials (Eglinton et al., 1990, 1992). Alter-
natively, such a high concentration of thiophenic sulfur could originate 
from diagenetic incorporation of inorganic sulfur into unsaturated and 
functionalized lipids in the kerogen (i.e. sulfurization; Kaplan et al., 
1963; Sinninghe Damste et al., 1989; Tegelaar et al., 1989; Eglinton 
et al., 1992). 

The n-alkyl chain length distribution derived from source rocks 
during open system pyrolysis can be used to predict the likely petroleum 
types they generate throughout the entire natural maturation sequence 
(Horsfield et al., 1989; Horsfield, 1997). The ternary plot in Fig. 5B 
employs the total light gas fraction (i.e. Σ nC1-C5) and the intermediate 
(i.e. Σ n-C6-C14) and long-chained (i.e. Σ n-C15+) n-alkyls to discriminate 
paraffinic (low and high wax varieties), paraffinic-naphthenic-aromatic 
(P–N-A) (low and high wax varieties), and the gas & condensate pe-
troleum generating potentials. Based on the n-alkyl chain length distri-
bution, most of the investigated samples are predicted to generate gross 
pyrolysates that fall within the Low Wax P–N-A oil generating facies. 

Fig. 5. A. 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 ac-
cording to Eglinton et al. (1990). B. Ternary diagram of total C1–C5, C6–C14, and Σ n-C15+ n-alkanes + n-alkenes used for petroleum type prediction according to 
Horsfield et al. (1989). 
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Samples plotting well into the Low Wax P–N-A oil facies are composi-
tionally rich in liptinitic particles. Only sample E plots in the gas and 
condensate field, whereas samples A and B plot on, or near, the 
boundary between the gas & condensate and Low Wax P–N-A fields. The 
higher proportions of short chained compounds in these samples are 
consistent with their high vitrinite contents and low HI values of 115, 
171, and 225 mg HC/g TOC, respectively. 

4.3. Kinetic models of bulk petroleum generation 

Bulk kinetics analysis using non-isothermal open-system pyrolysis 
was performed to model the kinetic parameters, i.e. activation energy 
distribution and frequency factor, of bulk petroleum generation. The 
majority of the computed kinetic models show activation energies in the 
range of 45–70 kcal/mol (Table 2), with a gaussian-like shape (Fig. 6) 
commonly associated with marine-influenced kerogens (Braun et al., 
1991; Tegelaar and Noble, 1994). This broad EA reflects large variability 
in the composition of the organic constituents, intrinsically comprising a 
wide spectrum of chemical bond types and strengths. Associated fre-
quency factors range between 2.80E+13/s and 1.96E+16/s (Table 2). 
The sample set was divided into three sub-sets according to the volu-
metrically predominant maceral (i.e. marine liptinites, terrestrial lip-
tinites, vitrinites) and an average EA distribution was computed for each 
sub-set. The average EA distributions are displayed in Fig. 7 for the 
purpose of comparing the variability in activation energies linked to 
maceral compositions. 

It is generally accepted that marine-rich kerogens often require lower 
activation energies than do terrestrial-rich kerogens (i.e. type II kerogen 
versus type III kerogens) to generate petroleum. This organic matter 
dependance in the present study is reflected in the fact that the lowest 
activation energy distributions occur in samples containing high relative 
abundances of marine liptinites, and increase gradually with increasing 
contents of terrestrial macerals (Fig. 6; Table 2). Samples K, H, and N, in 
which liptinites of marine origin account for 70%, 66% and 53%, have 
peak activation energies at 52 kcal/mol, 53–54 kcal/mol and 54 kcal/ 
mol, respectively. 

The more terrestrially influenced samples G, D, and E have activation 
energy maxima at 58 kcal/mol, 59 kcal/mol, and 60–61 kcal/mol, 
respectively (Fig. 6). The organic fraction (i.e. kerogen) in samples E and 
G is predominantly composed of vitrinite and terrestrial liptinite, 
respectively, while the kerogen in sample D has an intermediate 
composition. In comparing their maceral composition and their 

activation energy distributions, it is apparent that the vitrinite-rich 
sample requires slightly higher activation energies than the liptinite 
(terrestrial)-rich sample. This is further substantiated by Fig. 7 in which 
activation energy distributions of other vitrinitic kerogens in the sample 
set show dominant peaks between 59 and 61 kcal/mol compared to 
maxima between 56 and 59 kcal/mol recorded for the terrestrial lipti-
nitic kerogens. It is interesting to note that the activation energy dis-
tribution of the more terrestrially influenced samples is overall broader 
than the more marine influenced samples. These observations reflect the 
more heterogeneous molecular composition of terrestrial organic matter 
compared to the marine organic matter (Tissot et al., 1987; Reynolds 
and Burnham, 1995; Schenk et al., 1997; Petersen and Rosenberg, 
2000). 

The low range of activation energies in sample L is an oddball among 
the data set. This sample is exclusively composed of terrestrial macerals 
yet exhibits a peak activation energy at 52 kcal/mol, 53 kcal/mol, and 
54 kcal/mol (Fig. 6). This attribute could be the result of inorganic sulfur 
incorporation in reducing kerogen stability, as discussed in section 4.2. 

4.4. Petroleum formation and timing predictions 

The derived kinetic parameters provide the basis to estimate the 
temperatures of bulk petroleum generation and corresponding trans-
formation ratio (TR; Fig. 8). A constant heating rate of 3.3 ◦C/Ma was 
assumed to extrapolate to geological heating conditions. The variability 
described in activation energy distributions and frequency factors is 
manifest in the temperatures at which the onset and peak petroleum 
generation occur. In Fig. 8, the onset of significant petroleum generation 
(10% TR) from least to most thermally stable kerogen varies from 123 ◦C 
to 144 ◦C. This temperature difference of up to 21 ◦C equates to a dif-
ference of up to 700m of burial if a geothermal gradient of 30 ◦C is 
assumed. These relatively high and different orders of thermal stability 
are consistent with the previously discussed mixtures of terrestrial and 
marine organic materials. A similar temperature range of 25 ◦C is 
observed at the peak of petroleum generation (i.e. 70 % TR), reflecting 
the involvement of relatively similar cracking reactions and conversion 
rates with increasing thermal stress regardless of the samples’ different 
activation energy distributions and frequency factors. 

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

Table 2 
Bulk kinetic parameters (i.e. activation energies and frequency factors) of the fifteen studied samples. 

A. Cedeño et al.                                                                                                                                                                                                                                 



Marine and Petroleum Geology 134 (2021) 105343

8

abundance of thermally labile marine particles. Sample K, interpreted to 
be enriched in thiophenic sulfur according to Fig. 5A, reaches onset and 
peak generation at temperatures within the same range as the other two 
sulfur-poor source rocks. This indicates that in this particular case sulfur 
richness has a minor impact on the timing of petroleum formation. Ki-
netic information from an average Type II North Sea (Tegelaar and 
Noble, 1994) and Type IIS source rock from the Campeche Basin (San-
tamaria Orozco, 2000) are plotted in Fig. 8 for comparison purposes. 

Petroleum generation from source rock samples dominated by 
terrestrial macerals takes place at higher temperature ranges relative to 
marine-influenced sources. The onset of generation is predicted to occur 
at temperatures ranging from 139 ◦C for sample G to 144 ◦C for sample E 

(Fig. 8). The gas and condensate-prone sample E displays the highest 
stability at 70 and 90% conversion (i.e. generating petroleum up to 
190 ◦C) as well as the broadest temperature range of generation. This 
demonstrates the slower conversion rates typically associated with vit-
rinitic type III kerogens. 

In the case of the sulfur-rich L and J source rock samples, onset and 
peak generation occur at least 10 ◦C earlier than in other samples con-
taining comparable maceral assemblages (Fig. 8). This generation at 
relatively low levels of maturity could be attributed to the break-down 
of weak carbon-sulfur bonds under less intense thermal stress (i.e. Orr, 
1986; Tissot et al., 1987; di Primio and Horsfield, 1996; Van Dongen 
et al., 2003). The apparent lack of front-end activation energies in 

Fig. 6. Activation energy distribution of eight selected source rock samples. Pie diagrams represent the maceral composition of the corresponding sample. TOC =
total organic carbon - wt%; HI = hydrogen index – mgHC/gTOC; Tmax = Tmax Rock-Eval - ◦C. 

Fig. 7. Average activation energy distributions computed according to the volumetrically predominant maceral (i.e. marine liptinites, terrestrial liptinites, vitrinites) 
in each sample. Vitrinite subset = A, B, E; terrestrial liptinite subset = D, G, I, J, M, N; marine liptinite subset = C, F, H, K, N. 

A. Cedeño et al.                                                                                                                                                                                                                                 



Marine and Petroleum Geology 134 (2021) 105343

9

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

4.5. The PhaseKinetics approach: compositional kinetic models and fluid 
physical properties 

The PhaseKinetics approach as defined by di Primio and Horsfield 
(2006) provides the basis to predict the compositional evolution and the 
physical properties (i.e. GOR, Bo, and Psat) of the generated fluids with 
increasing maturity. The five samples for MSSV-Py-GC-FID experiments 
were selected to represent most of the variability in maceral assemblages 
and kinetic parameters across the broader sample set. Three composi-
tional models were constrained based on two components (C1–C5 and 

C6+), four components (C1, C2–C5, C6–C14, and C15+), and 14 compo-
nents (C1, C2, C3, i-C4, n-C4, i-C5, n-C5, n-C6, C7–C15, C16–C25, C26–C35, 
C36–C45, C46–C55, and C56–C80) (Table 3). The compositional kinetic 
models with 14 components are presented in Fig. 9. 

Hydrocarbons with six or more carbons (≥C6+) comprise 63.7 to 
74.7 wt% of the total pyrolysates (Table 3). The remaining pyrolysate 
yield is composed of gaseous hydrocarbons (C1–C5). These composi-
tional attributes show that the studied samples are capable of generating 
fluid and, in less proportions, gaseous hydrocarbons. Source rock sam-
ples N and O from well 7430/10-U-1 have the highest liquid generative 
potential with 74.7 and 74.1 wt%, respectively, but possess different 
kerogen maceral compositions. The shallower sample contains about 
equal amounts of marine and terrestrial liptinites (53% and 47%, 
respectively), while the deeper sample contains mostly terrestrial lip-
tinite (73%; Table 1). Samples D, L, and H generate comparatively lower 
proportions of liquid hydrocarbons (65, 67.7 and 63.7 wt%, respec-
tively). Sample H features an elevated abundance of marine-derived 
liptinites (66%) and similar amounts of vitrinite and terrestrial liptin-
ite, whilst samples D and L possess exclusively terrestrial macerals in 
comparable proportions. 

The n-C7–C35 fraction constitutes most of the liquid portion of these 
Low Wax P–N-A oils (Table 3). Nevertheless, a closer look at the 14- 
component compositional kinetic models reveals distinct generative 
potentials within the liquid fraction. The lighter C7–C15 liquids in the 
least oil-prone samples D, H, and L account for 62.1, 67.6, and 69.7 wt% 
of the n-C7–C35 compositional fraction compared to lower values of 58 
and 63.6 wt% in the most oil-prone samples (i.e. N, O). A waxier char-
acter of the most oil-prone samples is also manifest in a relative 
enrichment in the heavier C26–C35 and C36–C80 potentials (Table 3). 

Predicted GORs, Psat, and Bo of petroleum fluids increase as a func-
tion of increasing TR in all cases (Fig. 10; Table 4). The H source rock 
sample exhibits the highest GORs at all transformation ratios (Fig. 10A). 
It generates black oils (GOR <350 standard m3/m3) at TRs of 10 and 
70% and light oils (350 < GOR <600 m3/m3) at TR of 90%. Addi-
tionally, this sample displays the highest gas generative potential (36.3 
wt%; Table 3), which is consistent with the high GORs, Psat, and Bo. The 
remaining samples display consistently lower GOR values with only 
black oils generated, except for some potential for light oils at late TR in 
sample D. This increase in GOR at higher conversion rates can be 
ascribed to either late generation of primary gas resulting from the 
breakdown of thermally stable vitrinites or to the initiation of secondary 
cracking of trapped gas with increasing thermal stress (Dieckmann et al., 
1998). The most oil-prone samples from well 7430/10-U-1 (N and O) 
generate petroleum fluids with the lowest GORs, Psat, and Bo values in 
this data set (Fig. 10; Table 4). This condition is consistent with their 
comparatively low gas generation potentials (25.3 and 25.9%, respec-
tively; Table 3) and their waxier composition. 

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

5.1. Vertical organic facies variations 

Pyrolysis data from well 7125/1-1 in the Nysleppen Fault Complex 
illustrates variations in thermal stability and geochemical composition 
inherited from differences in organic facies (Fig. 11B). Peak activation 
energies occur between 55 and 57 kcal/mol and 59–62 kcal/mol in the 
marine liptinite-rich (1380m, i.e. sample F) and the vitrinite-rich sample 
(1368m, i.e. sample E), respectively. As a consequence of the strong 
vitrinitic input, the latter sample has the potential to generate gas & 
condensate, whereas the remaining liptinitic kerogens (i.e. D, F, and G) 
generate intermediate, P–N-A low wax oils (Fig. 5). The bulk of the 
organic fraction throughout well 7120/10–1 consists of land-plant 
derived materials with comparable generation potentials (e.g. similar 
HI values) and peak activation energies at 59–60 kcal/mol (Fig. 11A). A 
moderate increase in the content of marine macerals at 1482m (i.e. 

Fig. 8. Transformation rate curves calculated from bulk kinetic models of the 
sample set. A geological heating rate of 3.3 K/Ma is assumed. Relevant samples 
discussed in the text and corresponding kerogen compositions are displayed. 
The main petroleum generation events are shown. Transformation rate curves 
for a typical North Sea Type II kerogen (Tegelaar and Noble, 1994) and Type IIS 
kerogen from the Campeche Basin (Santamaria Orozco, 2000) are plotted for 
comparison purposes. 

Table 3 
Compositional kinetic models with 2, 4, and 14 components calculated for five 
selected samples. Potentials are shown in weight percentage (wt-%). 
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sample C) causes the activation energy distribution to peak at 55–56 
kcal/mol, and hence, 70% conversion takes place around 10 ◦C earlier 
relative to the vitrinitic samples A and B (Fig. 8). 

Organic rich shales sampled at various depths from well 7227/8-U-3 
in the neighboring Nordkapp Basin also display considerable differences 
in pyrolysis results relative to each other and with respect to other wells 
(Fig. 11C). The deepest, marine liptinite-rich sample (i.e. K), predicted 
to generate sulfur-rich, P–N-A low wax oils, exhibits a dominant acti-
vation energy peak at 52 kcal/mol and accordingly generates at one of 
the lowest temperature in the data set (Fig. 8). This sample has a rela-
tively low HI value of 258 mg HC/g TOC given its elevated content of 

marine liptinites (Table 1). The EA distribution derived for the shal-
lower, more terrestrially influenced samples at 44m and 39.9m (i.e. J 
and I) shows dominant peaks in the range of 57–59 kcal/mol. These clay- 
rich rocks have the potential to generate intermediate, P–N-A low wax 
oils. Nevertheless, the sample at 44m produces a relatively higher con-
tent of sulfur-containing hydrocarbons (Fig. 5A) and starts generating at 
temperatures as low as those observed in the more marine, sulfur-rich 
sample K (Fig. 8). The elevated quantities of sulfur-bearing com-
pounds were interpreted to result from diagenetic sulfurization of the 
organic matter brought about by sulfate reducing bacteria in anoxic 
settings. Changes in redox conditions triggered by the intermittent 

Fig. 9. Compositional kinetic models with fourteen components for five source rock samples. Pie diagrams represent the maceral composition of the corresponding 
sample. TOC = total organic carbon - wt%; HI = hydrogen index – mgHC/gTOC; Tmax = Tmax Rock-Eval - ◦C. 

Fig. 10. Evolution of physical properties (i.e. gas to oil ration = GOR, volume factor = Bo, and saturation pressure = Psat) of generated fluids with increasing 
maturity calculated from micro-scaled sealed vessels (MSSV Closed-System Pyrolysis) experiments using the PhaseKinetics approach as defined by di Primio and 
Horsfield (2006). A. Cross-plot of transformation ratio versus GOR. B. Cross-plot of Bo versus Psat. The light grey area corresponds to naturally occurring petroleum 
fluids according to di Primio and Horsfield (2006). 
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growth of salt-diapirs in the Nordkapp Basin (Rojo et al., 2019; Cedeño 
et al., 2019) may have led to different degrees of sulfurization and 
hydrogen losses in the studied samples (Cedeño et al., 2021). 

5.2. Sub-regional to regional organic facies variations 

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

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

The maps in Fig. 12 illustrate the variations in kinetic models of bulk 
petroleum generation within the Alge and Krill members. The marine 
liptinite-rich shales of the Alge Member in the central Hammerfest Basin 
and their more terrestrial liptinitic equivalents to the west require the 
use of kinetic data derived from labile kerogen assemblages, similar to 
those in samples H and N (Table 2; Fig. 12A), respectively. According to 
the assigned parameters, the Alge Member in these marginal-to- 
thermally mature areas has the potential to generate intermediate, low 
wax P–N-A oils with overall low GOR (i.e. black oils). The high average 
contents of marine liptinites within both the Alge and Krill members in 
the Bjørnøyrenna Fault Complex, whose combined cumulative thickness 
exceeds 800m (Marín et al., 2020), permits the use of kinetic properties 
from sample H. Kinetic information from a more intermediate 
marine-terrestrial sample, and therefore a moderately more stable 
kerogen type (i.e. sample C), is assigned to the Alge source rocks in the 
Nysleppen Fault Complex as well as in the eastern margin of the Ham-
merfest Basin (Fig. 12A). 

Table 4 
Fluid properties as a function of increasing maturity calculated from micro-scaled sealed vessels (MSSV Closed-System Pyrolysis) experiments for five 
selected samples. 

Fig. 11. Vertical variations in maceral composition and bulk kinetic parameters within the Hekkingen Formation at three different well locations: A. 7120/10-1 
southern Hammerfest Basin; B. 7125/1-1 = Nysleppen Fault Complex; C. 7227/8-U-3 = Nordkapp Basin. TOC = total organic carbon - wt%; HI = hydrogen 
index – mgHC/gTOC; Tmax = Tmax Rock-Eval - ◦C. 
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The organic fraction within the Krill Member across most of the 
Hammerfest Basin consists predominantly of vitrinite and terrestrial 
liptinites (Fig. 12B). Thus, kinetic parameters describing the primary 
cracking from thermally more stable land-derived kerogens, like those in 
sample D, are suggested. These type III/II source rocks are expected to 
generate intermediate, black oils of a P–N-A low wax composition with 
potentially light oils generated at 90% transformation. The kinetic 
variability between the kerogen types assigned to the Alge and Krill 
members in the western-central Hammerfest Basin covers a temperature 
range of approximately 20 ◦C for the commencement of petroleum 
generation (Fig. 8). This shift in organic constituents within the Ham-
merfest Basin reflects the regional flooding that peaked during Alge 
times and subsequent sea level drop during Krill times. 

Sources rocks of the Alge Member in the eastern Finnmark Platform 
feature maceral assemblages comparable to those within the Krill 
Member in the Hammerfest Basin (Fig. 12) and, therefore, assigning the 
kinetics derived from sample D seems logical. However, the pyrolysate 
of sample L from well 7229/11–1 in the eastern Finnmark Platform 
contains a high relative abundance of sulfur-bearing compounds, 
implying the existence, at least locally, of thermally less stable type IIS 
kerogens. Although both D and L samples have the potential to generate 
low wax P–N-A, black oils, the onset of generation in sample L takes 
place approximately 17 ◦C earlier than in sample D (Fig. 8), challenging 
the use of either set of kinetics. Additionally, it is possible that the sulfur 
content, and so the thermal stability, varies throughout the section as 
was the case in well 7227/8-U-3 from the Nordkapp Basin. This study 
provisionally assigns kinetics parameters from an organically compa-
rable source rock sample with a sulfur content that is intermediate 

between sample L and D, that is, sample J. 
The kerogen in both the Alge and Krill members within the Finger-

djupet Sub-basin and the Troms-Finnmark Fault Complex is composed 
mostly of hydrogen-poor vitrinitic macerals, which are at best only gas & 
condensate prone. In this case, kinetic parameters characteristic of the 
thermally very stable vitrinitic kerogen in sample E are suitable. Gas and 
condensate prone source rocks also occur within both members at some 
localities along the Hammerfest Basin-Loppa High boundary. 

6. Conclusions 

The investigated organic rich samples from the Hekkingen Forma-
tion contain varying proportions of kerogen type II and III, as demon-
strated by their hydrogen richness and maceral assemblages. 
Heterogeneities in the kerogen composition result in different orders of 
kinetic stability, with the predicted onset of petroleum generation 
spread over a relatively high and wide temperature range from 123 ◦C to 
144 ◦C (at 3.3C⁰/Ma). This temperature range equates to a difference of 
up to 700 m of burial if a thermal gradient of 30 ◦C is assumed. 

With a few exceptions, the variability in activation energy distribu-
tions, and so in kerogen thermal stability, results from variations in the 
kerogen maceral composition. Marine liptinite-rich samples show a low 
and narrow range of activation energies relative to the higher and 
broader range described for the more terrestrial samples. Reduced 
kerogen stability associated with elevated sulfur contents is documented 
in a few samples. 

The majority of the investigated samples have the potential to 
generate low GOR oils of an intermediate to aromatic, low wax P–N-A 

Fig. 12. Map of the southwestern Barents Sea illustrating the variability in kinetics models within the Alge (A) and Krill (B) members. Results from the current data 
set are assigned to areas with comparable maceral compositions from the subregional to regional characterization of organic facies by Cedeño et al., 2021. 
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composition along with variable amounts of wet gas in the range of 
25–35%. Petroleum of similar compositional and physical properties is 
predicted to have been generated from the natural maturation series of 
various organic facies in mature areas of the Hammerfest Basin, the 
Ringvassøy-Loppa High and the Bjørnøyrenna fault complexes. 

Upon maturation, it is likely that discreet intervals in the Nordkapp 
Basin and eastern Finnmark Platform may generate high-sulfur, low wax 
P–N-A oils with low GOR. Vitrinite-rich sources in the Fingerdjupet Sub- 
basin and the Troms-Finnmark Fault Complex have a potential for gas 
and condensate generation at late maturities. 
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