Marine and Petroleum Geology 163 (2024) 106768

Contents lists available at ScienceDirect

Marine and Petroleum Geology

o %

ELSEVIER

journal homepage: www.elsevier.com/locate/marpetgeo

Depositional environments and source rock potential of some Upper
Palaeozoic (Devonian) coals on Bjgrngya, Western Barents shelf

Julian Janocha ®"", Fredrik Wesenlund ¢, Olaf ThieBen ¢, Sten-Andreas Grundvag ™",
Jean-Baptiste Koehl®, Erik P. Johannessen '

& Department of Geosciences, UiT — The Arctic University of Norway, PO Box 6050 Langnes, N-9037, Tromsg, Norway
b Department of Arctic Geology, University Centre in Svalbard, PO Box 156, N-9171, Longyearbyen, Norway

¢ Applied Petroleum Technology AS, PO Box 173 Kalbakken, N-0903, Oslo, Norway

d Equinor ASA, Harstad, Norway

¢ Department of Geosciences, University of Oslo, PO Box 1028 Blindern, N-0316, Oslo, Norway

f EP Skolithos, Sisikveien 36, 4022, Stavanger, Norway

ARTICLE INFO ABSTRACT

Keywords:

Svalbard

Billefjorden group
Reedvika formation
Norwegian Barents shelf

Upper Palaeozoic strata are potential sources for hydrocarbon plays on the Norwegian Barents Shelf. The island
of Bjgrngya (Bear Island) is located on the western margin of the Barents Shelf and represents an exposed part of
the Stappen High, which makes it an excellent location to investigate the source rock potential of this succession.
Here, we investigate the organic geochemical composition and source rock potential of coals and organic-rich
Source rock evaluation mudstones of Late Devonian to middle Permian ages. The thermal maturity of the analysed samples ranges
Depositional environment from mature to overmature with some samples being in the late oil generation window, and thus exhibiting
Coal higher maturities than age and facies equivalent strata in central Spitsbergen in the NW corner of the Barents
Shelf and on the Finnmark Platform to the south. The high maturities and thermal cracking may thus have
negatively affected the applied isoprenoid and biomarker-based source facies parameters, which potentially
inhibit correct source facies interpretation. However, our results and comparisons with previous studies indicate
that the vitrinite- and inertinite-dominated humic coals occurring in the lower part of the succession formed by
the accumulation of peat in fluvially-influenced, humid wetlands at paleo-equatorial latitudes during a pro-
nounced episode of rifting in the Late Devonian (Famennian) to earliest Carboniferous (Mississippian). Our
source rock evaluation indicates a good potential for liquid hydrocarbon generation for the coals of the Upper
Devonian Rgedvika Formation prior to maturation. The oil-prone organic matter of these coals is primarily
considered as terrestrial and non-aqueous. Because of renewed rifting in the middle Carboniferous combined
with a shift to arid climatic conditions, as well as an environmental change from dominantly terrestrial and
marginal marine clastic to marine carbonate platform environments, the accumulation of wetland peats effec-
tively came to an end. Thus, the overlying Carboniferous and Permian strata generally seems to yield poor to no
hydrocarbon generation potential.

1. Introduction

Upper Palaeozoic coals and organic-rich mudstones are inferred to be
important source rocks on the Norwegian Barents Shelf, particularly in
the under-explored northern and eastern areas (Grogan et al., 1999; van
Koeverden et al., 2010, 2011; Norwegian Petroleum Directorate, 2017;
Lutz et al., 2021). However, due to the sparsity of wells across this vast
region, little is known about the lateral and stratigraphic distribution
and generation potential of upper Palaeozoic source rock units (e.g.

Larssen et al., 2002; Larssen et al., 2005). Intriguingly, contributions
from oils of Palaeozoic ages have been reported in exploration wells on
the Loppa High at the western shelf margin (e.g. Ohm et al., 2008;
Matapour et al., 2019), and exploration wells on the Finnmark Platform
on the southern part of the shelf and onshore Spitsbergen at the uplifted
northwest corner of the shelf, have established the petroleum potential
of lower Carboniferous (Mississippian) coals (e.g. Abdullah et al., 1988;
Ngttvedt et al., 1993; Bugge et al., 1995; Larssen et al., 2002, 2005;
Senger et al.,, 2019; Olaussen et al.,, 2023). On Spitsbergen, late
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Carboniferous to early Permian-aged marine carbonates and inter-
bedded shales also seems to hold some potential (e.g. Nicolaisen et al.,
2018). Highly prolific marine carbonates are well known from the Upper
Devonian on the Kara Shelf (e.g. Alsgaard, 1993; Petrov et al., 2008;
Sobolev, 2018), whereas similar Devonian-aged source rock facies, do
not occur on the Barents Shelf. In northern Spitsbergen, Devonian strata
typically consist of continental red beds and yield an uncertain, but
probably low potential for hydrocarbon generation (Blumenberg et al.,
2018; Smelror et al., 2024). Upper Devonian (Famennian) to lower
Carboniferous (Mississippian) coals and coaly shales on Bjgrngya at the
western Barents Shelf margin may hold some highly uncertain genera-
tion potential (Bjorgy et al., 1980, 1983; van Koeverden et al., 2011),
and Upper Devonian as well as upper Carboniferous lacustrine shales on
the adjacent shelf margin, onshore East Greenland, reportedly yield
some generation potential (e.g. Christiansen et al., 1990; Stemmerik
et al., 1993).

Bjorngya, the southernmost island of the Svalbard archipelago, lies
strategically on the western margin of the Barents Shelf (Fig. 1A) and
represents the rotated and exposed crest of the Stappen High. Here, a
thick succession of upper Palaeozoic sedimentary rocks is excellently
exposed (Fig. 1B and C). Because of its central position and its proximity
to the Loppa High, which is an important area for exploration, Bjgrngya
provides an important data point for understanding the distribution and
potential of upper Palaeozoic source rocks on the Barents Shelf and
adjacent basins.

The source rock potential of the upper Palaeozoic succession on
Bjorngya has only been addressed in a few publications, and several of
these are based on very few samples spanning a limited part of the
stratigraphy (Bjorgy et al., 1980, 1983; Abdullah et al., 1988; Michelsen
and Khorasani, 1991; van Koeverden et al., 2011; Nicolaisen et al.,
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2018).

In this paper, we provide organic geochemistry and source rock
evaluation of coals, coaly shales and organic-rich mudstones from
Bjgrngya spanning Upper Devonian to middle Permian strata (Fig. 1C).
Our main objective is to establish and compare the source rock potential
of these various organic-rich units, interpret the depositional conditions
under which they accumulated, and discuss their development and
maturity in relation to the geological history of the Stappen High and
nearby basins. Although our dataset spans a wide range of stratigraphic
intervals, we focus particularly on the Upper Devonian (Famennian)
strata, as this interval are known to contain thick coals on Bjgrngya
(Gjelberg, 1978, 1981; Michelsen and Khorasani, 1991).

2. Geological setting
2.1. Structural framework

Following the Caledonian Orogeny, the Barents Shelf, including the
Stappen High and Bjgrngya, experienced multiple episodes of tectonic
extension (Smelror and Petrov, 2018). The earliest extensional struc-
tures are associated with the post-orogenic collapse of the Caledonides
and form an assymmetric rift basin (Gudlaugsson et al., 1998). In the late
Carboniferous, localised rifting formed halfgrabens, which formed along
reactivated Caledonian lineaments and structural grain (Smelror and
Petrov, 2018). This rifting event is thought to form the main structuring
event, resulting later in the opening of the North Atlantic Ocean (Faleide
et al., 1984; Gudlaugsson et al., 1998; Blaich et al., 2017; Ryseth et al.,
2021). This phase of localized rifting was followed by regional thermal
subsidence extending into the late Permian (Gudlaugsson et al., 1998;
Worsley et al.,, 2001). On the southern Stappen High, the late
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Fig. 1. Geographical overview of the studied area. (A) Structural Elements of the Western Barents Shelf between Svalbard and Norway. Modified after Henriksen
etal. (2011). (B) Geological map of Bjgrngya with the sampling locations and stratigraphic sections shown in Fig. 5. Modified from Norwegian Polar Institute (2016).
(C) Composite stratigraphic column of the upper Palaeozoic succession on Bjgrngya with indications of the sampled intervals. Modified from Worsley et al. (2001)
and updated for the age of the Rgedvika Formation from Lopes et al. (2021). Black numbers in B and C indicate sampled intervals. 1: P7-8; 2: P32; 3: P1-2; 4: P70-71;
5: P68-69; 6: P62-65; 7: P41-43 & EP37-40; 8: P44-50 & EP41-47; 9: P52-54 & EP48-53; 10: P3-6 & EP11-16; 11: P30-31 & EP31-32.
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Carboniferous faults were reactivated during renewed rifting in the late
Permian-Early Triassic (Gudlaugsson et al., 1998; Blaich et al., 2017;
Tsikalas et al., 2021). A subsequent phase of regional subsidence fol-
lowed, lasting until renewed rifting in the Late Jurrasic to Earliest
Cretaceous once again reactivated pre-exsiting structures and formed
horst and graben structures across the Stappen High (Faleide et al.,
1984; Blaich et al., 2017).

The upper Palaeozoic succession consists of mixed clastic and car-
bonate sedimentary rocks and is up to 1.2 km thick (Ritter et al., 1996;
Worsley et al., 2001; Tsikalas et al., 2021). Internally, the succession
exhibits multiple unconformities which can be attributed to recurrent
fault-related uplift and tilting events that took place particularly during
the Carboniferous and Permian (e.g. Gjelberg, 1981; Gjelberg and Steel,
1981; Worsley et al., 2001; Tsikalas et al., 2021; Grundvég et al., 2023).
The most prominent angular unconformity separates Devon-
ian—Carboniferous strata from Permian (Worsley et al., 2001; Grundvag
et al., 2023). Onwards from the middle Permian until the Late Creta-
ceous, the Stappen High and Bjgrngya experienced high rates of ther-
mally driven subsidence accompanied by high sedimentation rates. The
upper Palaeozoic succession was therefore deeply buried, in the order of
several kilometres (Ritter et al., 1996). Onwards from the Late Creta-
ceous, approximately 3-4 km of overburden have subsequently been
removed from Bjgrngya (Fig. 2, Ritter et al., 1996), possibly with as
much as 2 km removed only during the Cenozoic (Laberg et al., 2012;
Lasabuda et al., 2018, 2021).

2.2. Lithostratigraphy and depositional environments

During the late Palaeozoic, Bjgrngya and Svalbard drifted north-
wards from c. 10°N in the Late Devonian to c. 40°N in the late Permian
(Smelror et al., 2009; Golonka, 2020). This northward drift across
several climatic zones in combination with regional structuring events
and relative sea-level changes driven by local fault movements and
glacio-eustasy (caused by waxing and waning of the Gondwana ice
sheet) is all reflected in the stratigraphic rock record (e.g. Stemmerik,
1997).

The Upper Devonian to lower Carboniferous Billefjorden Group is
dominated by various terrestrial clastics of the Rgedvika and Nordkapp
formations. These units were deposited in an elongated WNW-ESE-
oriented fault-bounded basin (Fig. 3A, Horn and Orvin, 1928; Worsley
and Edwards, 1976; Gjelberg, 1978, 1981; Worsley et al., 2001). The
frequent occurrence of coals in this part of the succession indicates that
warm and humid climatic conditions prevailed, and the intercalation of
coarse-grained clastics, presumably derived from footwall erosion, and
mudstone-dominated units, suggests that recurrent extensional
fault-activity had a major control on deposition (e.g. Gjelberg, 1981;
Gjelberg and Steel, 1981).

07500 400 300 200 100 0 Ma. B.P.
erosion and
tilting
E ,
S 2000— erosion and
53 tilting
i \
TN 1 L
\ ] range of
\ ] possiblel
4000—] \ I overburden
\ 1 | |
Ordov- |Silu|Devo|Carbon | Perm|Tria| Jura-| Creta- | Terti-
ician |rian|nian |iferous |ian |ssic|ssic | ceous | ary

Fig. 2. Burial and erosion history of Bjgrngya. Graph shows the maximal burial
depth calculated from the maximum burial temperature derived from apatite
fission track analysis, vitrinite reflectance and fluid inclusions and paleo-
geothermal gradient. Modified after Ritter et al. (1996) and Worsley
et al. (2001).
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The Upper Devonian (Famennian) Rgedvika Formation (Lopes et al.,
2021) is divided into several Members recording deposition in various
alluvial environments, including flood plains transected by meandering
channel belts (i.e., the Vesalstranda Member, Fig. 3E), braided rivers
and lacustrine deltas (i.e., the Kapp Levin Member, Fig. 3F), and
low-sinuosity meandering channel belts (i.e., the Tunheim Member;
Fig. 3G-Worsley and Edwards, 1976). The Tunheim Member is known
for containing several coal seams which were subject to commercial
interest in the early part of the 20th century (Horn and Orvin, 1928).

The lower Carboniferous (Mississippian) Nordkapp Formation
(Viséan; Kaiser, 1970) is subdivided into the Kapp Harry and the
Nordhamna Members (Gjelberg, 1981; Dallmann, 1999), collectively
recording deposition in a braid plain setting (Fig. 1C). Thin coals occur
in the Nordhamna Member, possibly reflecting the accumulation of
plant debris and peat in abandoned channel belts or transient
intra-channel flood plains (Fig. 3H-Gjelberg, 1981).

Renewed rifting in the middle Carboniferous resulted in the forma-
tion of several localized rift basins across the Barents Shelf including the
inferred Bjgrngya Trough and the renowned Billefjorden Trough in
Spitsbergen (Fig. 3C-Gjelberg and Steel, 1981; Johannessen and Steel,
1992; Smyrak-Sikora et al., 2018). The syn-to early post-rift infill of
these basins is assigned to the upper Carboniferous to lower Permian
Gipsdalen Group (Worsley et al., 2001). A drastic change from humid to
arid climate occurred in the early to middle Carboniferous and is
recorded as terrestrial red beds in the Landngrdingsvika Formation in
ther lower part of the Gipsdalen Group on Bjgrngya (Gjelberg, 1981;
Gjelberg and Steel, 1981; Worsley et al., 2001). These red beds record
the interfingering and accumulation of floodplain, marginal marine, and
alluvial fan deposits in an active, fault-controlled basin under arid cli-
matic conditions (Gjelberg, 1981; Gjelberg and Steel, 1981; Worsley
et al., 2001).

A regional transgression during the Bashkirian to Moscovian pro-
moted a shift to marine depositional environments and deposition of the
carbonate dominated Kapp Kare Formation, which is divided into the
Bogevika, Efuglvika and Kobbebukta Members (Fig. 1C-Worsley and
Edwards, 1976). The Bogevika Member, which is a mixed clastic and
carbonate unit, contains multiple upwards-coarsening sequences which
record successive shoreline progradation’s and basin shallowing gov-
erned by high frequency, glacio-eustatically driven relative sea-level
fluctuations (Fig. 1C-Stemmerik and Worsley, 2000; Worsley et al.,
2001). The sandstone content decreases upwards in the unit, marking a
transition into the open-marine limestones of the Efuglvika Member. By
the end of the Carboniferous, a regionally extensive carbonate platform
was eventually established (Fig. 3D-Stemmerik and Worsley, 2000;
Worsley et al., 2001). However, periods of uplift, subaerial exposure and
karst development occurred frequently, particularly on the Stappen and
Loppa highs. The Kapp Hanna Formation (not considered here) records
the accumulation of paralic deposits in very localized basins which
formed during renewed fault activity in the latest Carboniferous
(Worsley et al., 2001).

The overlying carbonates of the Kapp Dunér Formation (Gzhe-
lian-Asselian) were deposited in shallow marine and lagoonal, as well as
reef and intra-reef settings and were part of a regionally extensive warm-
water carbonate platform (Stemmerik, 1997; Worsley et al., 2001). The
top of the unit is marked by a distinct karst surface, indicating uplift and
prolonged exposure of the platform.

Warm to cool-water carbonates of the lower to middle Permian
Hambergfjellet Formation (late Asselian-late Artinskian) of the Bjar-
meland Group, was deposited during a regional transgression which
eventually drowned most of the Stappen High (Stemmerik, 1997;
Worsley et al., 2001; Grundvag et al., 2023). The fossil fauna indicates
warm water and restricted conditions for the lower part of the unit and
open marine, cool water conditions for the upper part of the unit
(Grundvag et al., 2023). In addition, there are several indications of
frequent episodes of subaerial exposure, minor fault activity, and
recurrent tilting of the succession, presumably reflecting fault activity
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along the western part of the Stappen High (Worsley et al., 2001;
Grundvag et al., 2023).

The overlying cool-water carbonates of the middle to upper Permian
Miseryfjellet Formation (Kungurian-Wordian) of the Tempelfjorden
Group (Worsley and Edwards, 1976) marks the final drowning of the
Stappen High and the establishment of a circum-Arctic, cool-water
carbonate platform that persisted wuntil the earliest Triassic
(Fig. 3D-Stemmerik, 1997).

3. Methods

Sampling was undertaken for the bulk of the Palaeozoic succession of
Bjgrngya, spanning the Upper Devonian to lower Carboniferous Bill-
efjorden Group, the upper Carboniferous to lower Permian Gipsdalen
Group, the lower to middle Permian Bjarmeland Group, and the middle
Permian Tempelfjorden Group. Units characterized by organic-lean
siltstones and continental red beds were also sampled (e.g., the Kapp
Hanna and Landngrdingsvika formations), but have not been analysed
due to the generally low petroleum generating potential of such lithol-
ogies. The sampling locations are shown in Fig. 1B and a brief sample
description is given in Table 1. The sample set consists of 58 samples of
various lithologies and formations including siltstones (n = 12), coals (n
= 14), shales (n = 15), coaly shales (n = 8), calcareous shales (n = 1) and
siliceous shales (n = 3). The sample set include samples from two
merged sample sets that both were collected by personnel from UiT —
The Arctic University of Norway (UiT) and Equinor ASA during a

common field campaign in 2016.

The UiT sample set (samples annotated with P followed by a number)
was analysed by Applied Petroleum Technology (APT) in Oslo, Norway,
and the Equinor sample (samples annotated with EP followed by a
number) set at the Equinor in-house lab in the Sandsli office, Bergen,
Norway. An overview of the various analytical methods applied is pro-
vided in Table 1, and a detailed method description for both laboratories
is available as supplementary material. All the analytical procedures
follow standard applications and comply with the specifications given in
the Norwegian Industry Guide on Organic Geochemical Analyses (NIGOGA;
Weiss et al., 2000).

4. Results

Selected outcrop locations where the Upper Devonian Rgedvika
Formation samples were collected are shown in Fig. 4, and accompa-
nying sedimentological logs of the investigated outcrop sections are
shown in Fig. 5 to provide stratigraphic context.

4.1. TOC and Rock-Eval pyrolysis

Analytical results from total organic carbon (TOC) measurements
and Rock-Eval screening are given in the supplementary material and
shown in Fig. 6. The samples show a large spread in TOC, ranging from
0.08 wt% in the siltstones of the Rgedvika Formation to a maximum
value of 86.85 wt % in a coal sample of the same formation. Note that all



Table 1

Complete list of analysed samples. The various analytical programs are grouped in to three groups: G1, G2 and G3. Analyses performed for each group are as follows: G1: TOC and Rock-Eval. G2: Solvent extraction,

Iatroscan, Asphaltenes, GC-FID chromatography and for all x* stable isotopes in addition. G3: GC-MS chromatography. VR: Vitrinite reflectance.

Sample
No.

P1
P2

P3
P4
PS5
P6
EP11
EP12
EP13
EP14
EP15
EP16
P7

P8

P30
P31
EP31
EP32
P32

P41
P42
P43
EP37
EP38
EP39
EP40
P44
P46
P47
P48
P49-0
P49-1
P49-2
P50
EP41
EP42
EP43
EP44
EP45
EP46
EP47
P52
P53
P54
EP48
EP49
EP50

Outcrop

Amfiet

Vesal-
stranda

Brettings-
dalen

Ellasjgen

Alfred-
fjellet W
Titrebekk-
pyttane

Jacobsen-
odden

Kapp Levin

GPS Location (UTM

33X)

612785

627217

626620

620271

620216

623154

624409

627325

627298

627325

8269932 Kapp

Dunér
8265272  Rgedvika
8264753  Misery-

fiellet
8259289  Rgedvika
8257790  Hamberg-

fiellet
8272830  Rgedvika
8270988  Rgedvika
8266596 Rgedvika
8266712
8266596

Formation

Member
Upper part of
the Unit

Vesalstranda

Few m above
base
Base of unit

Vesalstranda

Upper part of
unit
Tunheim
(upper part)

Tunheim
(Lower part)

Kapp Levin
(Upper shale)

Kapp Levin

Vesalstranda

Age

E. Permian

L. Devonian

L. Permian

L. Devonian

E. Permian

L. Devonian

L. Devonian

L. Devonian

Lithology Depositional environment

Shale
Calcareous
shale

Coal Flood plain adjacent to
Coal meandering channels
Coal

Coal

Coal

Coaly shale
Coal

Coal

Shale
Siltstone
Siliceous
Shale
Siliceous
Shale
Shale
Shale
Shale
Siltstone
Siliceous Open marine, warm-cool
shale water carbonate shelf
Coal Flood plain between
Siltstone meandering channels
Shale

Coal

Shale

Shale

Shale

Coal Flood plain between
Shale meandering channels
Coaly shale
Shale
Coaly shale
Coal

Coal
Siltstone
Siltstone
Coal

Silty shale
Coal

Shale
Sandstone
Sandstone
Siltstone
Siltstone
Siltstone
Sandstone
Sandstone
Siltstone

- inter reef facies

Open marine cold water
carbonate shelf

Flood plain between
channels

Lacustrine

Channel fill

Flood plain

Warm water carbonate shelf

References

General description given in Worsley et al.
(2001) p.25 (p. 219 of that volume).

General description given in Gjelberg (1981)

p.9, samples collected in section 3 in his
Fig. 4.

General description given in Worsley et al.
(2001) p.28 (222 of that volume).

General description given by Gjelberg
(1981). Based on map by Dallmann and
Krasil’Shchikov (1996), these samples are
collected from the Vesalstranda Mb.
General description in Worsley et al. (2001)
P-26 (p.220 in volume)

Strata below B-coal but above channel

capping A-coal. This is the upper part of the

upper unit of the Tunheim Mb, see Mgrk
et al. (2014) p.18. Samples from left side of
diagram in their cross-section F in F. 25.

The A-coal + strata below. This is the lower
part of the upper unit of the Tunheim Mb, see

Mork et al. (2014) p.18. Samples from their
profile S in F. 24.

Facies association KD of Gjelberg (1981), see

his Fig. 9 (and uppermost 15 m of his
Fig. 5A).

General description in Gjelberg (1981).

Depth in
MDP
[m]

195

201

211

212,6
190,1
190,2
190,3
190,4
190,6
191,2

30
30,5

30,75
31,25

341,6
341,8
344,8
341,65
341,75
343
344,75
325,6
329,5
332
333,5
335,5
335
336
336,8
325,3
323,5
329
334,8
336,1
338
337,5
286,3
287,55
289,3
298,3
296,4
286
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samples termed coal contain more than 50 wt% TOC (Peters and Cassa,
1994). Rock-Eval Sy values also show a wide range from 0.03 to 109.66
mg/g rock, with good to excellent remaining generation potential in the
o s richest samples of the Rgedvika Formation (Fig. 6A). The same high TOC
N . samples of the Rgedvika Formation also show a good to very good Pe-
" " " troleum Potential (PP), as visualized in Fig. 6B (Hunt, 1996). All other
"ok o ox ok oo e x samples from the Nordkapp Formation (lower Carboniferous), Kapp
Kére (upper Carboniferous), Kapp Dunér (lower Permian), Hambergf-
jellet (lower-middle Permian), and Miseryfjellet (middle Permian) for-
A mations show, in general, poor petroleum potential. For most of the
SRR Rgedvika Formation samples, Type III organic matter is indicated with
» hydrogen index (HI) ranging from 50 to 200 mg HC/g TOC (Fig. 6C and
B & 0 :‘33 D). One sample (EP13), however, show a HI of 246 mg HC/g TOC
S e PE- E g suggesting some remaining oil potential (Peters and Cassa, 1994). All
£ g & %O S other analysed samples show very low HI values (<50 mg HC/g TOC),
E E g E 5 § which indicate Type IV inert organic matter. In general, samples with
po g 2 = 2 TOC values below 4 wt% have a limited petroleum potential and a poor
% E § ”:; f; f remaining generation potential and are therefore not discussed further
5289 g3 in this contribution.
it § 2% &9 The maturity indicator Rock-Eval T« range from 286 to 557 °C in
:‘é g ‘2 § % ": ’g the entire sample set, suggesting immature to postmature organic mat-
g ag E ;; ; 2 ter. The low end and high end Tp,ax values are associated with low TOC
% g E s % g Z ; samples (<0.5 wt%). The Tpax temperatures of the high TOC samples
$SE2c8= £ (>10 wt%) are in the range of 459-514 °C and indicate late oil to
N postmature organic matter suggesting they have been completely
é g E é & cooked. For thigh TOC samples on the other hand, we observe low S1
£ % z g é (<4 mg HC/g rock) and low production indices (<0.1), indicating low
g § % g —Fé g § maturities i.e. immature organic matter, even though our samples have
-§ E £ £ % %-‘3 Tmax values between 460 and 515 °C being wet-gas to dry gas mature
_‘-!: g ¥ %’ E ;5;5 (see Table S1 in supplementary material). This may be an effect of the
T E° g S g £2y gas prone nature of the Rgedvika Formation coals. Carboniferous Tet-
.E:“:‘ £ § :S £ &5 g tegras and Soldogg Formation coals from the Norwegian Barents Sea on
SRS EEGEE the contrary, show S1 values between 2 and 15.5 mg HC/g rock at a
0D oo o Tmax of 430-450 °C (Moi, 2008; van Koeverden et al., 2010). The au-
v o E8E LEE X thors consider these coals as oil-prone, but the PI's do not exceed 0.1 in
é é = 3 - é S © IS B these samples either. Thus, the low S1 may be a result of dominantly gas
== § —E; § ﬁ = § :_,g % § —E prone organic matter, the natural dissipation of gases, and the loss of
gases during Rock-Eval analysis. The lost gas is then not analysed during
g E Rock-Eval analysis resulting in a low S1 peak and a large S2 peak in
g E relation (di Primio and Horsfield, 2006). In our case for highly mature
_5 _§ coals the S1, S2 and the production index are therefore not suitable as
8 s 8 maturity indicators.
After the initial Rock-Eval screening, only some selected coals, coaly
. s o shale, shale and siltstones of the Rgedvika Formation were considered
% s g s g for further gas-chromatography, biomarker, stable carbon isotope, and
§ é} § é % vitrinite reflectance analyses (Table 1). The selection was based on their
2 2382 visual characteristics, organic content, maturity, stratigraphic signifi-
cance, and geographic location.
& &
2 3 4.2. Vitrinite reflectance
§ § g Vitrinite reflectance measurements were performed on 8 samples
5 5 & (Table 2), carefully selected to provide a representative data set span-
® © *® ning a variety of organic-rich facies. The measured vitrinite reflectance
. P range from 1.10 to 1.58 %Ro, with one outlier sample of 2.20 %Ro
§ @ @ (Fig. 7A). The median is 1.28 %Ro. However, all samples follow, in the
© c & Vitrinite Reflectance versus Rock-Eval Tpa-diagram (Fig. 7A), the typical
maturity trend for coals as defined by Teichmiiller and Durand (1983).
~ . This suggests pristine sample material, even though all samples were
§ B é %’ g collected from outcrops. Nevertheless, the samples of the Rgedvika
é z 8 € 2 Formation have reached a maturity level exceeding the onset of oil
8 generation (Fig. 7B-Teichmiiller and Durand, 1983; Sykes and Snow-
ol don, 2002). This may correspond with reported live hydrocarbons,
SELEY8 IBIBLE detected under vitrinite reflectance microscopy in coal samples P4 and
TIEEEEE EEEBZRER Py | P
= P41 (Table 2, APT report (supplementary material)).
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Fig. 4. Outcrop images showing the location of the samples collected in the Upper Devonian Rgedvika Formation. (A) Coal sample locations P3 — P6 of the upper
Vesalstranda Member in Brettingsdalen. Person for scale in the lower left. (B) Close-up of some of sampling locations P5 and P6 in the upper part of the Vesalstranda
Member in Brettingsdalen. Hammer for scale. (C) Siltstone sampling locations P52 and P53 in the upper part of the Kapp Levin Member at Kapp Levin. Sedimentary
log from Gjelberg (1981) showing the coarsening upwards unit in the upper part of the member, possibly representing a lacustrine delta system. Log for scale. (D)
Sampling locations P46 — P50 of the A-Coal seam of the lower Tunheim Member at Jacobsenodden. (E) Close up of sampling locations P48 — P49-2 of the A-Coal seam
at Jacobsenodden. Hammer for scale. (F) Sample P44 of the Lower Tunheim Member below the A-Coal seam at Jacobsenodden. Hammer for scale. (G) Sampling

locations P41 — P43 of the upper part of the Tunheim Member at Titrebekkpyttane.

4.3. Molecular geochemistry and stable carbon isotope analyses

The gas chromatography coupled with flame ionization detection
(GC-FID) of the rock extracts are shown in Fig. 8. The medium hydro-
carbon range (Cg-Cjg) is the most abundant saturate fraction, resulting
in a waxiness ratio ranging from 0.64 to 0.93 (using the waxiness ratio n-
C17/(n-C17+n-C27); Justwan et al., 2006). Most samples show a
negligible abundance of unresolved complex mixture (UCM), and
arguably exhibit a unimodal n-alkane distribution. The alkanes n-C;;
and n-C;g are generally far more abundant than their related isoprenoids
Pristane (Pr) and Phytane (Ph), resulting in Pr/n-Cy7 and Pr/n-C; g ratios

<1 for all but two samples (Fig. 9A). Mixed marine — transitional
terrigenous organic matter is suggested by the Pr/n-C;; and Pr/n-Cig
ratios. Pristane/Phytane ratios range between 0.84 and 2.88 and are
inconclusive with respect to their depositional environment (Peters
et al., 2005a).

Typical m/z 191 terpane fragmentograms of the Rgedvika Formation
samples are shown in (Fig. 10). In general, all gas chromatography mass
spectrometry (GC-MS) fragmentograms show a low signal to noise ratio
and are therefore considered to be of questionable quality. Nevertheless,
variable concentrations in Cj9-Cp4 tricyclic terpanes are detected,
resulting in (C19-Ca4) tricyclics/30ap ratios ranging from 5.63 to 16.82.
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Fig. 5. Sedimentological logs of key locations on Bjgrngya documenting the sedimentology and stratigraphy for some selected sample intervals. (A) Log through
parts of the upper part of the Tunheim Member of the Rgedvika Formation at Titrebekkpyttane showing sample locations P41 — P42. (B) Log through the lower parts
of the Tunheim Member of the Rgedvika Formation at Jacobsenodden showing sample locations P44 — P50. (C) Log through the upper part of the Kapp Levin Member
of the Rgedvika Formation at Kapp Levin showing sample locations P52 — P54. (D) Log through the lower Nordhamna Member of the Nordkapp Formation at
Nordhamna showing sample locations P62 — 65. (E) Log through part of the lower Bogevika Member of the Kapp Kére Formation in Kobbebukta showing sample
locations P68 — P69. (F) Log through the upper Bogevika Member of the Kapp Kare Formation in Kobbebukta showing sample location P70.
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Fig. 6. Scatter plots of selected Rock-Eval parameters. (A) S2 (mg HC/g rock) vs. TOC (%). The solid grey lines and the dashed black lines infer hydrogen index (HI),
following Peters and Cassa (1994). (B) Petroleum Potential (PP) vs. TOC %wt. (C) Modified Van Krevelen diagram based on Hydrogen index (HI) (mg HC/g TOC) vs.
Oxygen Index (OI) (mg CO2/g TOC). The solid-coloured lines infer the maturation pathways of the respective kerogen Type, and the fields separated by dashed black
lines infer the resulting petroleum product at peak maturity, following Dembicki (2009). Type IV kerogen is regarded as inert and without any hydrocarbon potential.
HI=(S2/TOC)*100; OI=(S3/TOC)*100 (D) Cross plot of HI vs. Tp,.x showing the line of effective HI. Graph based on Sykes and Snowdon (2002). Lithostratigraphic
colours for plots A-D after the NPD Geostandard (Norwegian Petroleum Directorat, 2022).

The Cy4 tetracyclic terpane is readily identified, while the Cos5—Csq tri-
cyclic terpanes are generally absent or indistinct. Of the defined Cgg.
hopenes, the norhopane (29af), diahopane (30d) or hopane (30af) are
the most abundant. However, some of the data is of questionable quality
due to low signal-to-noise ratio. The m/z 217 and m/z 218 fragmento-
grams of the sterane biomarker show even less biomarker concentra-
tions. Thus, sterane biomarker ratios are not considered in further
discussions.

The extractable organic matter (EOMs) of the Rgedvika Formation
show abundant aromatic hydrocarbons in the m/z 142 (methylnaph-
thalenes), m/z 159 (dimethylnaphthalenes), m/z 178 (phenanthrene),
m/z 192 (methylphenanthrenes), m/z 206 (dimethylphenanthrenes),
m/z 184 (dibenzothiophene), and m/z 212 (methyldibenzothiophenes)
fragmentograms, while m/z 170 (trimethylnaphthalenes) show lower
concentrations. Representative fragmentograms of the aromatic fraction
of the Rgedvika Formation extracts are displayed in Fig. (11). Dime-
thylnaphthalene ratios (DMNR; Alexander et al., 1983; 1985) range
from 4.98 in sample EP49 from the Kapp Levin Member to 20.08 in
sample P50 from the Tunheim Member at the Jacobsenodden locality.
Related vitrinite reflectance (%R.(DMNR-1)) was calculated to be 0.9 to
2.3%R(DMNR-1), respectively (Alexander et al., 1983). Radke et al.
(1982a), (1982b) and Radke and Welte (1983) observed a maturity
relationship between methylphenanthrenes. The methylphenanthrene
ratio (MPR) vary between 1.82 in sample EP45 and 3.41 in sample P41
in the Tunheim (at the Jacobsenodden locality) and Vesalstranda
Members, respectively. The calculated reflectance in the
before-mentioned samples is 1.20 and 1.47 %Rc(MPR). The methyl-
phenanthrene indices (MPI-1) range from 0.95 (P50, Jacobsenodden
locality) to 1.56 (EP49, Kapp Levin locality) with a calculated reflec-
tance of 0.97 and 1.34 %Rc(MPI-1), for MPI-1 < 1.35 %R. The %Rc rises
to 1.73 and 1.36 %Rc(MPI-1) for MPI-1 > 1.35 %R. Dibenzothiophene to

phenanthrene (DBT/PHEN) ratios are low with ratios of 0.02-0.08, in
samples EP42 and EP37 of the Tunheim Member at the Jacobsenodden
and Titrebekkpyttane localities, respectively (see Fig. 1 for sample
locations).

The 8'3C isotope composition of the saturate and aromatic fractions
show a large spread with values ranging from —31.20 to —24.50 %o and
—24.90 to —22.10 %o, respectively. Most samples plot in an area being
indicative for non-marine organic matter (Fig. 9B), which is also sug-
gested from the Canonical Variable (Sofer, 1984) as shown in Fig. 9C.

5. Discussion

Based on the Rock-Eval results, vitrinite reflectance measurements,
and the subsequent organic geochemical analyses, the following dis-
cussion will only focus on the maturity, source facies and petroleum
potential of the coal-bearing deposits of the Upper Devonian (Famen-
nian) Rgedvika Formation (i.e. the Vesalstranda and Tunheim Members,
Fig. 1C).

5.1. Maturity

The maturity of some upper Palaeozoic strata on Svalbard has been
assessed in previous studies (Bjorgy et al., 1980, 1983; Michelsen and
Khorasani, 1991; van Koeverden et al., 2011; Nicolaisen et al., 2018).
Bjorgy et al. (1983), which focused on the Devonian succession of
Bjgrngya, suggests a slightly higher maturity in the Devonian succession
(1.3-1.5 %Rm) in the centre of the island and lower maturities, ranging
from 0.9 to 1.2 %Rm, on the western and eastern sides. Ritter et al.
(1996) on the other hand report increasing maturities from south (1,
02-1,46%Rm) to north (1,26-1,75%Rm). Our sample set comprises too
scattered and too few vitrinite reflectance measurements, to record the
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Table 2

Sub-sample set with visual maceral analysis. %Ro: measured vitrinite reflec-
tance; SD: standard deviation. The comments on the organic petrography are
based on the original geochemical report by APT.

Sample  Stratigraphic Facies %Ro Comments on organic
unit + SD petrography
P4 Vesalstranda Coal 1.10 100 % telinite. Yellow & yellow
Mb. +0.07  orange fluorescing blebs in
voids. Live hydrocarbons
observed.
P5 Vesalstranda Coal 1.25 100 % collinite, but a hint of cell
Mb. 4+ 0.07  structure is sometimes present.
Reddish-orange fluorescing
wisps and blebs.
P30 Vesalstranda Shale 1.58 100% collinite, generally in
Mb. +0.13  rough laminae along bedding.
Orange-brown fluorescing
matrix, and reddish-orange
wisps and blebs, probably not
exinite.
P31 Vesalstranda Shale 1.43 Wispy vitrinite in argillaceous
Mb +0.10 fabric and collinite in coaly
clasts. Vitrinite merges with
semifusinite. Reddish-orange
fluorescing liptodetrinite.
P41 Tunheim Mb. Coal 1.22 Mostly telinite. Cellular
+ 0.08 structure more apparent than in
P4. Reddish-brown fluorescing
laminae and blebs, probably
from hydrocarbons in fractures.
P43 Tunheim Mb. Shale 2.20 Vitrinite and inertinite
+0.20  fragments common, with
overlapping reflectivities.
Inertinite tends to be more
angular. No fluorescing
macerals.
P47 Tunheim Mb. Coaly 1.23 Argillaceous coal perhaps
shale +0.08  containing lamalginite. Vitrinite
most often seen as telinitic
laminae. Some inertinite
present. Reddish-brown
fluorescing matrix.
P49-2 Tunheim Mb. Coal 1.32 Trimacerite with common
+0.08  vitrinite and inertinite, while

exinite is less common. Yellow
fluorescing void filling blebs.

suggested maturity differences. Measured vitrinite reflectance in the
Vesalstranda and Tunheim Members, ranging between 1.1 and 1.58 %
Rm, show slightly higher maximum value than the values reported by
Bjorgy et al. (1983) (Fig. 12G). Jarvie (2018) and Evenick (2021) pre-
sented a correlation between measured Tpax values and vitrinite
reflectance of shales. For our dataset, we find that Ty,.x and vitrinite
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reflectance correlate well using the (Jarvie, 2018) calculation (Fig. 13).
Thus, %Rc(Tmax) may add useful vitrinite reflectance equivalent matu-
rity data where vitrinite reflectance measurements are missing (Fig. 12H
and D).

The highest T,,x measurements and thus highest calculated %Rc
(Tmax) values are found in the low TOC samples, in both the Vesal-
stranda, Kapp Levin, and Tunheim Members (Fig. 12D-H,I). These
significantly higher Tp,x values can be related to organic matter
oxidation, as all our samples are surface samples from coastal cliff sec-
tions currently experiencing high rates of erosion. Thus, we consider our
coal samples as pristine.

In addition to vitrinite reflectance and Rock-Eval Tp,ax, we used the
methylphenanthrene ratio (MPR) and the dimethylnaphthalenes ratios
(DMNR1) measurements to calculate the vitrinite reflectance (Fig. 12J
and K, Radke et al., 1982b; Alexander et al., 1983, 1984, 1985; Kvalheim
et al., 1987; Radke, 1988). The calculated %Rc(DMNR-1) appears to be
slightly higher than the measured vitrinite reflectance (%Rm), while the
%Rc(MPR) fit our measured Rm quite well (Fig. 12G-J,K). In general,
our dataset shows that the samples are late mature to postmature with
respect to oil generation (Peters and Cassa, 1994), but may be in the
main gas generation window (1.3-2.2% Rm; see Cornford, 1998). This
coincides with vitrinite reflectance measurements obtained by previous
studies (Bjorgy et al., 1980, 1983; Michelsen and Khorasani, 1991; Ritter
et al., 1996). Similar to Wesenlund et al. (2021) we find that the ma-
turities appear to be at least partly dependent on their lithofacies, based
on the calculated vitrinite reflectance’s. Sandstones appear to have a
slightly lower maturity than coal while coaly shales, shales and silt-
stones appear to have a slightly higher maturity. Previous studies report
vitrinite reflectance values between 0.6 and 1.0%Rm for coals in central
Spitsbergen (Abdullah et al., 1988; Michelsen and Khorasani, 1991; van
Koeverden et al., 2011; Nicolaisen et al., 2018), and between 0.62 and
1.1%Rm from coals on the Finnmark Platform (van Koeverden et al.,
2010). Thus, comparing measured vitrinite reflectance values of the
coals on Bjgrngya with lower Carboniferous coals from Central Spits-
bergen and from the Finnmark Platform, shows that the Upper Devonian
coals of Bjgrngya exhibit higher maturities. The elevated vitrinite
reflectance values on Bjgrngya can either be explained by an elevated
geothermal gradient after deposition of the stratigraphic intervals in
question or because of deep burial. Previous studies have not reported
an increased or anomalous geothermal gradient for Bjgrngya or the SW
Barents Shelf (Ritter et al., 1996; Ohm et al., 2008; Smelror et al., 2009).
However, several studies have shown that the western Barents Shelf
comprises a thick Triassic and Cretaceous cover (Gudlaugsson et al.,
1998; Faleide et al., 2008; Blaich et al., 2017; Hagset et al., 2022).
Furthermore, basin modelling has shown that the western Barents Shelf
experienced deeper burial than the eastern and northern parts (Gac
et al., 2018; Lutz et al., 2021). Vitrinite reflectance of more than 1,1%
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Fig. 7. (A) Cross plot of vitrinite reflectance over Ty, after Teichmiiller and Durand (1983). Legend is for scatter plots A&B. Size of circles is based on TOC while
colour corresponds to sampling location. (B) Cross-plot of quality index (QI) ([S1+S2]/TOC) against Tpay, and the inferred rank thresholds for oil expulsion after

Sykes and Snowdon (2002).

10



J. Janocha et al.

Marine and Petroleum Geology 163 (2024) 106768

IS Sample P41 . IS Sample P43 IS Sample P44
North | North North
Tunheim Mb. Tunheim Mb. Tunheim Mb.
Coal Shale Coal
Pr/Ph = 1.85 . Pr/Ph = 0.87 Pr/Ph = 1.61
Waxiness = 0.77 Waxiness = 0.89 . Waxiness = 0.89
m C  n-alkane
IS Sample P47 IS Sample P49-2 Sample P50
North North North ¢ C, nalkane
E. Tunheim Mb. Tunheim Mb. Tunheim Mb. A C,, n-alkane
Coaly shale . Coal Siltstone .
w Pr/Ph = 1.07 Pr/Ph = 1.12 PriPh = 1.07 el
g Waxiness = 0.64 Waxiness = 0.80 Waxiness = 0.79 e Phytane (Ph)
> . IS Internal standard
© .
o
Q -
1 4
IS Sample P4 IS Sample P6 IS Sample P30
East East 1 South
Vesalstranda Mb. Vesalstranda Mb. Vesalstranda Mb.
Coal Coal Coaly shale
Pr/Ph = 1.49 Pr/Ph = 1.59 Pr/Ph = 0.84
Waxiness = 0.87 Waxiness = 0.93 Waxiness ¥ 0.76
- -

Fig. 8. GC-FID chromatograms of the saturate fraction of the extracts. Pr/Ph = Pristane/Phytane, Waxiness = n-C17/(n-C17 + n-C27).

Rm corresponds to deep burial of more than 4 km with an estimated
geothermal gradient between 31 and 41 °C/km (Ritter et al., 1996;
Suggate, 1998).

Several different biomarker ratios are commonly used to assess the
maturity of source rocks. Each biomarker ratio performs reliably within
a certain thermal maturity window. The higher the thermal maturity of
the studied interval, the less reliable biomarkers become as they expe-
rience thermal cracking and eventually reach an equilibrium (e.g. Far-
rimond et al., 1998; Aderoju and Bend, 2017). Furthermore, evidence
suggests that biomarkers are influenced by paleo-depositional and
palaeoecological factors, opening for the possibility that changes in
biomarker ratios that are not related to thermal maturity (Aderoju and
Bend, 2017). The unimodal distribution on n-alkanes points towards an
elevated maturity. This is obvious by the poor signal-to-noise ratio,
which significantly increase the uncertainties in derived ratios (Fig. 8).
We therefore conclude, that for our dataset, biomarkers are not suitable
to determine thermal maturity.

5.2. Source facies

The HI, which typically is used to assess kerogen quality and source
facies, decreases with increasing maturity as the kerogen is subjected to
thermal cracking (Bordenave et al., 1993). The present-day HI values of
<200 mg HC/g TOC suggest in general gas potential for the Rgedvika
Formation coals (Fig. 12E). By considering the Tpay—HI lines from Sykes
and Snowdon (2002) (Fig. 6D) and by extrapolating the HI values to
initial values, certain coals of the Vesalstranda and Tunheim Members
could have had an initial HI > 300 mg HC/g TOC. These values corre-
spond to a mixed kerogen Type III/Il and may suggest some oil potential

11

(Peters and Cassa, 1994). This is intriguing, as the organic petrography
indicates vitrinite as the dominant maceral group for all the coals and
coaly shales (Table 2). However, two of the coal samples are conspicu-
ously found to contain 100% collinite (Table 2), albeit a hint of cell
structures may indicate the presence of telinite. The fluorescence within
these samples may be related to H-rich desmocollinite macerals (Peters
and Cassa, 1994), which could be attributed to dispersed
sub-microscopic liptinite and/or diffusion of H-rich compounds
migrated from nearby liptinite and/or amorphous organic matter within
the coal seam (Tyson, 1995). Anoxic depositional conditions may lead to
preferential preservation of organic matter at high maturities (Skarstein
et al., 2022). The identified vitrinite may thus host notable amounts of
H-rich compounds that have a kerogen Type II composition. As a result,
the current HI values and the maceral composition suggest that the coals
had a mixed kerogen Type III/II assemblage prior to maturation.
Another explanation of initial HI values corresponding to a mixed
kerogen Type III/II assemblage is the potential occurrence of finely
distributed algal OM within these coals, which is difficult or virtually
impossible to detect using standard organic petrography (van Koeverden
et al,, 2011). Indeed, the low OI values (Fig. 6C), the Pr/n-Cy7 vs.
Ph/n-C;g diagram (Fig. 9A) and the low Pr/Ph ratios of the coals may
suggest that the EOM was generated from a mixed terrestrial/aquatic
kerogen Type III/II assemblage (Fig. 9A-C, Shanmugam, 1985). In a case
study of the lower Carboniferous Nordkapp Formation in northern
Bjgrngya, van Koeverden et al. (2011) analysed a single coal sample
which yielded an initial mixed kerogen Type II/IIl assemblage. Their
study considered the presence of abundant tricyclic terpanes to repre-
sent algal OM in the coals, as tricyclic terpanes are common to samples
rich in algal OM such as the unicellular algae Tasmanites (Aquino Neto
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et al., 1992).

However, tricyclic terpanes are expelled to a proportionally larger
extent than 30ap hopane with increasing maturity, which may explain
the high tricyclics/300f ratios in our samples (Peters and Moldowan,
1993). Furthermore, tricyclic terpanes may also be sourced by bacterial
lipids and not necessarily from algae (Peters et al., 2005b). Ahmed et al.
(2006) report abundant Cj9 and Cyy tricyclic terpanes, Cy4 tetracyclic
terpane, but absent or low abundances of the extended tricyclic terpanes
in late oil-overmature, vitrinite and inertinite-dominated (humic)
Permian coals of the southern Sydney Basin, Australia. Our results thus
appear to resemble that of Ahmed et al. (2006). Thus, while the iden-
tified tricyclic terpanes are commonly identified in oils or extracts from
lacustrine and marine source rocks (Philp et al., 1989; Kruge et al., 1990;
De Grande et al., 1993), their presence may not necessarily indicate
algal OM within the coals of the Rgedvika Formation. In fact, the lack of
alginite macerals in the humic coals investigated in this study, rather
suggest that lacustrine depositional conditions are unlikely for these
coals (Table 2). Nevertheless, Gjelberg (1981) interpreted a lacustrine
depositional environment for the thick siltstone unit in the lower part of
the Kapp Levin Member at the Kapp Levin locality (Sample P52, P53 and
P54 in this study). However, the siltstone unit, which is very different
from the coals and occur at another stratigraphic level, cannot be used as
evidence for a lacustrine environment for the coals. Furthermore,
Devonian aged lacustrine deposits in the Orcadian Basin, Scotland, UK,
exhibit the b-carotene marker in the saturate fraction GC-fingerprints
(Peters et al., 1989). Interestingly, this marker was not identified in
any of our samples (Fig. 8) and is also missing in contemporaneous
lacustrine shales in northeast Greenland (Christiansen et al., 1990,
1992). Furthermore, no indicators for a lacustrine depositional setting
have been described in the visual maceral observations.

Using the ternary plot of sterane biomarkers after Huang and
Meinschein (1979) a transitional depositional environment between
estuarine and terrestrial is indicated (Fig. 14). However, due to the high
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maturity and the subsequent cracking of biomarkers the low biomarker
intensities imply an uncertainty to the interpretation of biomarkers.
Michelsen and Khorasani (1991) classified the coals of the Tunheim
Member as humic given their dominance of vitrinite and inertinite (but
consisting of up to 5 % of meta-liptines, i.e., vitrinite-resembling,
matured sporinite). The relatively low Pr/Ph ratios of the coals could
thus indicate reducing conditions and increased preservation of any
H-rich liptinitic OM during deposition of these coals, perhaps facilitating
a mixed kerogen Type III/II signature and low OI values. Radke et al.
(2002) show that the Pr/Ph ratios of coals decrease with increasing
maturity, from 10 in a coal sample with vitrinite reflectance of 0.9% Ro,
to 1 in a coal sample with vitrinite reflectance of 1.7 %Ro. Thus, using
Pr/Ph and the associated Pr/n-C;7 and Ph/n-C;g ratios as indicators for
source facies of the studied coals is uncertain.

This is also seen in Fig. 9A as Pr/n-C;7 and Ph/n-C;g ratios suggest
deposition in a mixed-transitional depositional environment (Shanmu-
gam, 1985). However, based on the above discussion, a peat forming
terrestrial environment would be expected for the coal samples of the
Rgedvika Formation. The elevated Pr/n-Cy7 and Ph/n-C;g ratios, how-
ever, can be a result of elevated maturities and/or aerobic biodegrada-
tion, where microbes prefer n-alkanes before the isoprenoids (Peters
et al., 2005a). Again, Pr/n-C17 and Ph/n-C18 ratios are considered
uncertain for the interpretation of the depositional environment.

The 613Csat vSs. 613Cam plot (Fig. 9B) and the canonical variable
(Fig. 9C) on the contrary shows that all samples plot in the non-marine
field as defined by Sofer (1984). Though, our samples show quite some
513Cqat variability, ranging from —25.7 %o in sample P44 to — 31.2 %o in
sample P4. Both samples are from the Tunheim Member at the Jacob-
senodden and Titrebekkpyttane localities, respectively, and may reflect
the diversity of the source organic matter in a delta-/floodplain depo-
sitional environment (APT report, supplementary material). In general,
the high TOC coal samples show the most positive isotope values and
vice versa for the shales/coaly shales with less TOC and more negative
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isotope values. The isotopic signatures of our coal samples are in line
with carbon isotope values reported by Peters-Kottig et al. (2006) for
late Palaeozoic terrestrial organic matter (TOM). These authors also find
a large spread in 8'3C-TOM from approximate —22 %o to — 30%o in the
Late Devonian and correlate it to changing atmospheric pCO,. Plants
reflect the composition of atmospheric CO5 as they incorporate it into
their structure. Several factors can lead to a change in the composition of
atmospheric CO». Peters-Kottig et al. (2006) explain this Late Devonian
pCO-, variability with the development of early land plants and carbon
burial leading to permanent storage of carbon and thereby altering the
pCO- in the atmosphere. Another process they propose is the variability
in 613C0rg in early land plant organic matter. In addition, Maynard
(1981) reports organic carbon 5'3C values of around —25%o in Devonian
non-marine shale of the Appalachian Basin, intermediate values in
prodelta environments, and values around —30%o in distal, basinal set-
tings. A negative isotope shift is also reported in transgressive marine
black shale, deposited during the Famennian Hangenberg crisis (Pisar-
zowska et al., 2020). The negative isotope shift thus correlates with
increased TOC values, suggesting a more anoxic depositional environ-
ment. Whether or not the observed isotope shift in our data relates to
variations in organic matter input and/or significant spatio-temporal
changes in the depositional environment, such as a transition from
terrestrially dominated delta-/floodplain environments to marine or
lacustrine deposition cannot be resolved, as our samples do not reveal
biomarker data which would support one or the other theory.

5.2.1. Late Devonian climate and rift tectonics

Relatively few Devonian coals are known worldwide. Only by the
Middle to Late Devonian, the rapid development and expansion of
terrestrial vegetation enabled the accumulation of organic rich material
which eventually could lithify into coal upon burial (Stein et al., 2007;
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Davies and Gibling, 2010). Examples of Devonian coals are known from
China (e.g. Dexin, 1989), Russia (e.g. Volkova, 1994), Canada (e.g.
Goodarzi and Goodbody, 1990), and the USA (e.g. Cross and Phillips,
1990). In addition, coals are known from the Tordalen Formation (late
Givetian to Frasnian) of the Middle to Upper Devonian Mimerdalen
Subgroup on Spitsbergen (Vogt, 1941; Piepjohn and Dallmann, 2014;
Blumenberg et al., 2018). Common for many of the above coals, is that
they have been interpreted to have formed in terrestrial wetlands in
paleo-equatorial settings, during a time of rapid plant colonization. This
makes the Late Devonian-aged coals of Bjgrngya a rare deposit, which
offers a window into the early formation of coals in fluvial/alluvial
systems.

While the coals and coaly shale samples of the Vesalstranda Member
show slightly higher HI and lower OI values compared to those of the
Tunheim Member, it is evident that these coals largely exhibit the same
organic facies (please refer to Table S1 in supplementary material).
Hence, the depositional environment, which resulted in the accumula-
tion of coals, appears to be rather similar for both units, with
meandering fluvial channels transecting predominantly wet, yet vege-
tated floodplains. A conceptual and generalized depositional model of
the Rgedvika Formation coals, based on our logged sections and the
geochemical signature of the deposits, is shown in Fig. 15. Thus, our
proposed model is in line with the previous sedimentological in-
vestigations of the Rgedvika Formation (Gjelberg, 1978, 1981; Worsley
et al., 2001; Mgrk et al., 2014).

Bjorngya held a paleo-equatorial position during the Late Devonian
and tropical conditions prevailed, resulting in a humid and warm
climate that promoted the development of vegetated wetlands (Marshall
et al.,, 2019; Lopes et al., 2021). Palynostratigraphic investigations
indicate that the vegetation hosted lycopod Cyclostigma kiltorkense and
progymnosperm Archaeopteris, the former considered the dominant
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contributor to the Vesalstranda Member coals (Marshall et al., 2019; a water-saturated and anaerobic peat environment as their shallow roots
Lopes et al., 2021). Cyclostigma kiltorkense appears to be less common could better handle a shallow anaerobic level, while Archaeopteris was
during deposition of the overlying Tunheim Member coals (Lopes et al., most likely deeper-rooted and less adapted to such conditions (Marshall
2021). Former investigations of Devonian paleo-equatorial humic coals et al., 2019). Speculatively, the slightly larger HI and lower OI of the
in Nunavut, Arctic Canada, suggest that lycopods were better adapted to Vesalstranda Member coals relative to the Tunheim Member coals could
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Fig. 15. Conceptual depositional model for the Vesalstranda and Tunheim Members of the Upper Devonian Rgedvika Formation. Red columns indicate the relative
positions of log locations A — C of Fig. 5. The model is partly based on McCabe (1985), as well as our own sedimentological and geochemical interpretations.

be attributed to a higher anaerobic layer, resulting in increased preser-
vation of H-rich OM. The importance of changing terrestrial OM input
on the resulting HI and OI is unknown.

Post Caledonian extensional tectonics and the establishment of major
fault zones along the western margin of the Stappen High and Bjgrngya
during the Late Devonian to earliest Carboniferous, seemingly created
subsidence-induced lowlands which offered accommodation space
(Fig. 3B-F,G,H,]) for the humid terrestrial clastic deposits to accumulate,
concomitantly resulting in good preservation potential (Gjelberg, 1981,
1987; Gjelberg and Steel, 1983). On Bjgrngya the Upper Devonian was
deposited east of the inferred Bjgrngya Fault, a major WSW trending,
basin-bounding fault (Gjelberg, 1981; Gjelberg and Steel, 1983; Worsley
etal., 2001). The thickest part of the Rgedvika Formation is recorded on
the north-eastern coastline of Bjgrngya where it reaches a thickness of
360 m. On the southwestern shoreline of Bjgrngya the Rgedvika For-
mation thins to 100 m (Mgrk et al., 2014). The alluvial strata of the
Rgedvika Formation have thus been strongly influenced by the activity
of the inferred fault. Renewed subsidence led to the sudden creation of
accommodation space, changing the depositional environments from
floodplains and meandering streams to braided streams (Gjelberg, 1981;
Gjelberg and Steel, 1983; Worsley et al., 2001; Mgrk et al., 2014). The
extensional tectonics and subsidence that created the basin may repre-
sent an early phase of the North Atlantic Rift System which, at a
supra-regional scale, is associated with increased fault activity in the
early Carboniferous (Rotevatn et al., 2018), or it may record a late phase
of extension associated with the post Caledonian orogenic collapse
(Gudlaugsson et al., 1998). Irrespective of the basin forming process,
similar contemporaneous and lateral equivalent basins to the one on
Bjorngya have also been suggested to have occurred on the Loppa High
further to the south on the Barents Shelf (Faleide et al., 1984;
Gudlaugsson et al., 1998; Blaich et al., 2017). The timing of basin
development on the Stappen High, where Bjgrngya is located, and the
Loppa High, as well as the prevailing climatic conditions of the region
during the Late Devonian, suggests that all the similar-aged basins on the
western Barents Shelf probably provided ideal physiographic conditions
for the accumulation of humid terrestrial deposits. Consequently, these
basins are expected to host coals and other organic-rich deposits with a
comparable mixed kerogen Type III/II signature, which potentially may
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present source rock units of regional to semi-regional importance.

5.3. Petroleum potential

Oil expulsion from coals is a debated subject but believed to be
possible and may, at least, have contributed to some oil discoveries
around the World. Especially for thin coals which are interbedded with
other clastic sediments, oil expulsion appears to be of a certain relevance
as the migration path to the surrounding clastics is shorter. Other pos-
sibilities for oil expulsion are the migration of oils along fractures and
cleats within the coals and very hydrogen-rich coals that generate oil
(Wilkins and George, 2002). As the coal seams on Bjgrngya are mostly
around 20 cm thick, except for the main A-coal seam which has a
thickness of around 1 m (occasionally thicker), we can therefor assume
that oil expulsion is a possibility from these thin seams. Advances in coal
geology have shown that not only liptinites (exinites) but also vitrinite
macerals can generate oil (Wilkins and George, 2002). Nonetheless we
must stress the high maturity of the samples and the resulting alteration
of their geochemical properties. The maceral analysis performed on a
group of sub-samples (Table 1, samples marked in the VR column)
document the oil generation potential of the coals and demonstrate the
presence of live hydrocarbons (Table 2). This, on the other hand, is not
supported by the low oil saturation index and the low S; values reported
for the same samples. Furthermore, in a re-evaluation of these specific
samples, the live-oil could not be seen anymore, and prolific gas bubbles
were observed. Explanations for this might be the evaporation of the oil
over time and more firmly bound gas escape with further exposure to
blue light. Most of the analysed samples are composed predominantly of
collinite or to a less degree telinite (Table 2), both types which are
known to generate oil (Tyson, 1995; Wilkins and George, 2002). Isaksen
etal. (1998) found that HI values below 500 mg HC/g TOC in coals show
poor correlation to the oil generation potential. Oil generation is
therefore still possible from the coals in our dataset despite the relatively
low HI values (Fig. 6C). Furthermore, the extrapolation of HI values
from obtained Tp,ax values shows potentially higher original HI values
prior to deep burial and severe maturation (Fig. 6D). Considering our
data, we thus conclude that the maceral content and the extrapolated HI
of the Upper Devonian Vesalstranda and Tunheim Members, indicate a
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good potential for generating liquid hydrocarbons. Our results thus
conform to previous studies of the Billefjorden Group in Svalbard and
the Barents Shelf (e.g. Bjorgy et al., 1980, 1983; Michelsen and Khor-
asani, 1991; van Koeverden et al., 2010, 2011; Nicolaisen et al., 2018),
confirming its regional generation potential, but also expanding the
stratigraphic significance of these source rocks to also encompass Upper
Devonian coal-bearing strata. The contemporaneous rift basin de-
velopments on the Stappen and Loppa Highs besides the Bjgrngya
Trough provided accommodation space in a similar climatic and tec-
tonic setting as we infer for the Late Devonian basin on Bjgrngya
(Gudlaugsson et al., 1998; Blaich et al., 2017). Therefore, we can assume
that several of these basins potentially host source rocks with a good
potential for hydrocarbon generation. Previous studies of Late Devonian
to early Carboniferous basins on Svalbard and the Barents Shelf
reportedly record lower maturities than revealed by our study (van
Koeverden et al., 2010; Lasabuda et al., 2021). Basins located further
south on the Stappen High and on the neighbouring Loppa High, on the
other hand, experienced a similar burial and exhumation history to that
of the Bjgrngya Trough (Laberg et al., 2012; Lasabuda et al., 2021). The
consequence of the high maturities recorded here, is that the Upper
Devonian and equivalent strata may previously have been over-
estimated when it comes to the petroleum generation potential. In turn
we predict that the Upper Devonian and lower Carboniferous potential
source rocks have a lower significance than previously assumed.
Therefore, the overall estimates for oil and gas reserves on the Barents
Shelf are potentially too high. Nonetheless hydrocarbons may have been
generated prior to deep burial, migrated into other strata, and may thus
still be preserved, possibly contributing to mixed-source petroleum
accumulations.

6. Conclusion

In this study we have analysed the organic geochemistry and source
rock potential of 58 Upper Devonian to middle Permian coal and organic
rich mudstone samples from the upper Palaeozoic succession on
Bjorngya, located on the exposed crest of the Stappen High on the
western margin of the Norwegian Barents Shelf. Our combined
geochemical and sedimentological investigations indicate the following.

e Vitrinite reflectance as well as calculated vitrinite reflectance from
Tmax and aromatic compounds show that the upper Palaeozoic suc-
cession on Bjgrngya has been deeply buried and subsequently un-
dergone significant rates of uplift and erosion.

The sampled coals, coaly shales and shales have reached a late oil to
post-oil maturity.

The maturity indicators from vitrinite reflectance and aromatic
compounds indicate that the analysed aromatic compounds are
sourced from the sampled intervals themselves and have not
migrated.

The high maturity resulted in the cracking of biomarkers, hence, the
calculated Rc are encumbered with large uncertainties.

The investigated coals of the Vesalstranda and Tunheim Members of
the Upper Devonian (Famennian) Rgedvika Formation of the Bill-
efjorden Group are vitrinite-dominated, humic and show primarily a
present-day kerogen Type III composition.

The applied source facies parameters derived from n-alkanes and
steranes all suggest a mixed kerogen Type III/II, however there are
no unequivocal visual or geochemical evidence of marine or non-
marine algal organic matter content as suggested by previous studies.
The 5'3C of the saturate and aromatic fractions, strongly suggests a
non-marine organic matter signature, which thus indicates that any
liptinite within the coals was derived from non-aqueous, terrestrial
organic matter, in line with the fluvial/alluvial depositional setting
interpreted by ours and previous sedimentological investigations.
The coals probably accumulated in a fault bound, subsidence-created
extensional basin characterized by a humid climate and wetland-
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dominated fluvial/alluvial depositional environment at paleo-

equatorial latitudes.

The petroleum potential is the greatest for the coals of the Vesal-

stranda and Tunheim Members of the Rgedvika Formation. Observed

collinite and telinite macerals in the samples indicate that these coals
have a good potential of generating liquid hydrocarbons. Extrapo-

lating the HI-Index prior to burial indicates a Kerogen Type III-II

source for the coals.

The hydrocarbon generation potential is poor or absent for the other

sampled lithologies and stratigraphic intervals, including thin coals

and organic-rich deposits spanning the upper Carboniferous to
middle Permian, as suggested by their back calculated HI-Indices
which lie within the Kerogen Type IV window.

o The high maturity of the samples have resulted in a strong alteration
of some geochemical properties. Consequently, previous studies on
the generation potential may have over-estimated the generation
potential of the Upper Devonian coals of Bjgrngya and similar coal
deposits of the Billefjorden Group elsewhere on the Barents Shelf.
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