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The Rødryggen-1 and Brorson Halvø-1 fully cored boreholes 
(Upper Jurassic – Lower Cretaceous), Wollaston Forland, 
North-East Greenland – an introduction
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Abstract
Two fully cored boreholes, the Rødryggen-1 and the Brorson Halvø-1, were drilled in Wollaston 
Forland, North-East Greenland, in 2009 and 2010, respectively. The objective was to test the strati-
graphic development of the Upper Jurassic – Lower Cretaceous mud-dominated succession in two 
different settings within the same fault block of a developing half-graben: centrally (Rødryggen-1 
borehole) and near the uplifted crest of the rotating fault block (Brorson Halvø-1 borehole). The 
drilled deposits are equivalent to the principal petroleum source-rock sequence of the petrolifer-
ous basins of North-West Europe, Siberia, and basins off eastern Canada and provide a new record 
of an important phase of marine deoxygenation in the proto-North Atlantic region.
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1. Introduction
In 2007–2008, the Geological Survey of Denmark and Greenland (GEUS) 
initiated a major collaborative project with a consortium of companies of 
the international petroleum industry with the aim of addressing aspects 
of the geology of North-East and North Greenland, which were generally 
recognised as being insufficiently studied. One such aspect was the eluci-
dation of the imperfectly known stratigraphy, sedimentary and lithologic 
development, and petroleum generation potential of the Upper Jurassic 
– Lower Cretaceous succession, equivalent to the well-known petroleum 
source-rock succession of the North Sea graben system, that is, the Kimme-
ridge Clay sensu lato. In North-East Greenland, the equivalent succession is 
widely distributed, and a considerable number of outcrop samples as well 
as some samples from cored shallow boreholes had been analysed previ-
ously, generally showing surprisingly poor petroleum generation potential. 
This was suspected to be the result of a combination of poor representa-
tion in the sample set of the more prolific intervals and adverse effects of 
weathering of outcrop samples. Hence, a drilling program was designed to 
obtain full core representation of the entire stratigraphic succession rang-
ing from the Oxfordian to the Ryazanian. Three fully cored boreholes were 
planned, the first of which, the Blokelv-1 borehole, was drilled in Jameson 
Land in 2008. Blokelv-1 penetrated 233.8 m of Oxfordian–Volgian deposits, 
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intruded by a few basaltic sills, as reported in a series 
of papers published in a volume edited by Ineson & 
Bojesen-Koefoed (2018). Two additional boreholes, 
both situated in Wollaston Forland, the Rødryggen-1 
and Brorson Halvø-1 boreholes, were drilled in 2009 
and 2010, respectively (Fig. 1). These boreholes aimed 
at testing that part of the succession not drilled by the 
Blokelv-1 borehole whilst attaining a reasonable strati-
graphic overlap. The two boreholes were planned to be 
drilled centrally within, and near the uplifted crest of, 
a rather narrow half-graben, which evolved during the 
time of deposition, thus allowing the assessment of the 

effects of synsedimentary tectonic movements on the 
nature of the deposits. The main results of the drilling 
are reported in a series of papers dealing with stratig-
raphy (Alsen et al. 2023, this volume): sedimentology 
and basin evolution (Hovikoski et al. 2023a, this vol-
ume), mineralogy and diagenesis (Olivarius et al. 2023, 
this volume) and organic geochemistry and petroleum 
potential (Bojesen-Koefoed et al. 2023, this volume). 
The aim of this paper is to introduce the location, 
drilled successions, drilling procedure and technical 
specifications of the Rødryggen-1 and Brorson Halvø-1 
boreholes.
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Fig. 1 Location maps. Overview map (left; Modified from Surlyk et al. 2023). Positions of the Rødryggen-1 and Brorson Halvø-1 boreholes in Wollaston 
Forland are shown on a simplified geological map (right; Modified from Surlyk et al. 2021). K.F.: Kuhn fault; P.F.: Permpas Fault; H.F.: Hühnerbjerg 
Fault; D.F.: Dombjerg Fault. The Dombjerg Fault was the main fault to control the position of the coastline during the Late Jurassic. The Permpas–Hüh-
nerbjerg block(s) was bounded by the Kuppel and Hühnerbjerg Faults during the Late Jurassic. 
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2. Drilling and samples

2.1 Rødryggen-1 borehole
Drilling and technical specifications of the Rødryggen-1 
fully cored borehole are summarised in Table 1. The 
Rødryggen-1 borehole was drilled from 27 July to 16 
August 2009 at the Rødryggen locality, central Wollaston 
Forland. The drilling rig and the drill camp were mobil-
ised by helicopter (sling and cabin load) from the mil-
itary station at Daneborg approximately 30 km to the 
SSW of the drill site (Fig. 1). Rødryggen (“Red Ridge”) is 
a prominent NS-oriented, elongated hill, separating two 
broad depressions: Storsletten to the west and Sump-
dalen to the east. The drill-site was selected during the 
2008 field season by Henrik Nøhr-Hansen and Jørgen A. 
Bojesen-Koefoed. The well location was chosen with the 
aim of testing the Upper Jurassic – Lower Cretaceous 
succession centrally in the westward-tilted Permpas–
Hühnerbjerg fault block. The rig was placed on out-
crops of the bright yellow-weathering mudstones of the 
Albrechts Bugt Member of the Palnatokes Bjerg Forma-
tion (Figs 2 and 3). Debris from the overlying Rødryggen 
Member of the Palnatokes Bjerg Formation unit imparts 
a conspicuous red colour to the Rødryggen hill and thus 
forms the basis for its name. The rig and the drilling 
team spent 22 days on the location, with only 11 effec-
tive days of drilling. The marked discrepancy between 

time on location and time spent on active drilling was 
caused by prolonged periods of very bad weather with 
strong winds and large volumes of snow and rain, which 
tended to liquefy the upper decimeters of the very 
muddy ground, thus creating massive problems for 
camping and for the stability of the rig.

The drilled succession is summarised in Table 2. The 
borehole penetrated 24.4 m of the Albrechts Bugt Mem-
ber of the Palnatokes Bjerg Formation (light grey, yel-
low-weathering mudstones), followed by 72.6 m of the 
Lindemans Bugt Formation (dark grey/black laminated 
mudstones), a succession that was later defined as a 
new member, the Storsletten Member (Alsen et al. 2023, 
this volume). Beneath the Lindemans Bugt Formation, 
the borehole encountered 137.5 m of the Bernbjerg For-
mation (dark grey mudstones with occasional thin sand-
stone stringers and carbonate-filled thin fractures) before 
reaching total depth (TD) at 234.5 m below reference level 
(b.rfl.; top of casing). For details of the sedimentology, the 
mineralogy and diagenesis, and the organic geochemis-
try and petroleum potential see Hovikoski et al. (2023a, 
this volume) Olivarius et al. (2023, this volume) and 
Bojesen-Koefoed et al. (2023, this volume), respectively.

A total gamma-ray (GR) wireline log was collected in 
the borehole over the interval 0–209 m b.rfl., later sup-
plemented by spectral-GR and bulk-density scanning of 
the cores over the interval 192.56 m to 234.54 m. 

Table 1 Drilling and technical data on the Rødryggen-1 and Brorson Halvø-1 boreholes.

Specifications Rødryggen-1 Brorson Halvø-1

Borehole number GGU 517001 GGU 517003
Borehole name Rødryggen-1 Brorson Halvø-1
Area Wollaston Forland, North-East Greenland Wollaston Forland, North-East Greenland
Operator GEUS GEUS
Drilling operator GEUS GEUS
Altitude 110 m above mean sea level 101 m above mean sea level
Coordinates (WGS 84) 74°32.561’N; 19°50.924’W 74°35.227’N; 19°34.327’W 
UTM Zone 27W 27W
Easting E465752 E457646
Northing N8272914 N8278142
Drill rig Sandvik DE 130 Sandvik DE 130
Casing diameter (O/I) 64/57 mm 64/57 mm
Casing depth 15.8 m 35.0 m
Borehole diameter 56 mm 56 mm
Core diameter 42 mm 42 mm
Reference level Top of casing Top of casing
Total depth 234.5 m 225.6 m
Core recovery 99% 99%
Status Abandoned open hole, top of casing closed with a steel cap. Abandoned open hole. Hole collapsed.
Drilling crew arrival (Daneborg) 24 July 2009 n.a. 
Mobilisation to drill site 27 July – 29 July 2009 30 July – 1 August 2010
Preparation of camp 27 July – 2 August 2009 2–3 August2010
Spud 3 August 2009 3 August 2010 
Drilling completed 14 August 2009 12 August 2010 
Demobilisation 16 August 2009 14 August 2010 
Effective drilling 11 days 10 days
Total days at drill location 22 days 14 days 
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Fig. 2 The Rødryggen-1 drill-site and camp, viewed approximately towards the west with the broad plain of Storsletten as backdrop (Photo: Annette 
Ryge). The rig was placed on the brightly coloured, yellow-weathering mudstones of the Albrechts Bugt Member (Palnatokes Bjerg Formation). The 
overlying Rødryggen Member (Palnatokes Bjerg Formation) in the foreground consists of purple to brick-red mudstones. Debris from this unit imparts 
the slopes of the landscape with a reddish colour that can be seen from afar, and from which is derived the location’s name Rødryggen, meaning “the 
red ridge.” 

Table 2 Stratigraphic units encountered by the Rødryggen-1 and Brorson Halvø-1 boreholes.

Lithostratigraphy Rødryggen-1 Brorson Halvø-1

Stratumbjerg Formation n.d. 8.7 m (0–8.7 m)
Palnatokes Bjerg Formation, Rødryggen Member n.d. 21.3 m (8.7–30 m)
Palnatokes Bjerg Formation, Albrects Bugt Member 24.4 m (0–24.4 m) 7.5 m (30–37.5 m)
Lindemans Bugt Formation, Storsletten Member 72.6 m (24.4–97 m) 8.0 m (37.5–45.5 m)
Bernbjerg Formation 137.5 m (97–234.5 m) 180.1 m (45.5–225.6 m)

Thickness in m (intervals in m b.rfl.). n.d.: not drilled.

Storsletten Mb. (Lindemans 

Bugt Fm.)

Albrechts Bugt Mb. (Palnatokes 

Bjerg Fm.)

Rødryggen Mb. (Palnatokes 

Bjerg Fm.)

Stratumbjerg Fm.

Fig. 3 Section at Rødryggen viewed approximately from the north in 2008 when the drill-site was selected. Arrow indicates the approximate position 
of the borehole (Photo: Jørgen A. Bojesen-Koefoed). 

Bojesen-Koefoed et al. 2023: GEUS Bulletin 55. 8350. https://doi.org/10.34194/geusb.v55.8350
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The wireline log and the scanned GR core logs were then 
merged into one single total GR log.

The core recovery was 99%, with losses of core pri-
marily occurring in the uppermost part of the succes-
sion, which was affected by surface weathering. The 
core quality was mostly excellent, with significant frac-
turing only found in intervals scattered throughout the 
succession, whilst coherent core in general predomi-
nated (Fig. 4). A total of 70 whole core samples for gas 
analysis, each c. 10 cm in length, were collected on site 
at approximately 3 m intervals and stored in airtight 
containers immediately after the cores were extruded 
from the core barrel. A large number of samples for 
different types of analyses were subsequently collected 
from the core. Most of these analyses are reported in 
papers by Alsen et al. (2023, this volume), Hovikoski 
et al. (2023a, this volume), Olivarius et al. (2023, this vol-
ume) and Bojesen-Koefoed et al. (2023, this volume). 
Additional data are reported by Hovikoski et al. (2023b), 
whereas a minor volume of miscellaneous data that 
have not found a place in the publications listed above 
are reported in internal GEUS reports.

2.2 Brorson Halvø-1 borehole
Drilling and technical specifications of the Brorson 
Halvø-1 fully cored borehole are summarised in Table 1. 
The Brorson Halvø-1 borehole was drilled from 30 July 

to 14 August 2010 at Brorson Halvø (Brorson Peninsula), 
northeastern Wollaston Forland. The Brorson Halvø-1 
borehole was the second to be drilled during the 2010 
field season, and the drilling rig and camp were mobil-
ised from the first drill site on the island of Store Kol-
dewey, approximately 200 km north of the Brorson 
Halvø drill-site (Fig. 1). The rig frame was transported by 
helicopter in one piece as sling load directly from the 
Store Koldewey drill site to the Brorson Halvø drill site. 
The drilling team, the drill camp and other equipment 
were moved either directly by helicopter or via Dan-
markshavn by Twin Otter plane to Daneborg and from 
there by helicopter to the Brorson Halvø-1 drill-site. The 
original drill site was selected during the 2008 field sea-
son by Henrik Nøhr-Hansen and Jørgen A. Bojesen-Koe-
foed, later redefined by Morten Bjerager and Michael 
B.W. Fyhn in 2009, and eventually, for practical reasons, 
moved another few 100 m by Stefan Piasecki and Jørgen 
A. Bojesen-Koefoed in 2010 to secure a stable substra-
tum for the rig. A consequence of this last relocation 
of the drill site was the drilling of part of the Stratum-
bjerg Formation and the entire Rødryggen Member of 
the Palnatokes Bjerg Formation, which was initially not 
planned.

The well location was selected with the aim of testing 
the Upper Jurassic – Lower Cretaceous succession near 
the uplifted crest of the westward-tilted Permpas-Hüh-
nerbjerg fault block. The rig was placed on outcrops of 

Fig. 4 Example of core quality and recovery, Rødryggen-1 borehole, 59.81 – 66.16 m, Lindemans Bugt Formation (Photo: John Boserup).

Bojesen-Koefoed et al. 2023: GEUS Bulletin 55. 8350. https://doi.org/10.34194/geusb.v55.8350� 9 
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the dark-grey mudstones of the Stratumbjerg Forma-
tion (Fig. 5). The rig and the drilling team spent 14 days 
on the location, with 10 effective days of drilling.

The drilled succession is summarised in Table 2. The 
borehole penetrated 8.7 m of the Stratumbjerg Formation 
(dark-grey mudstones), followed by 21.3 m of the Rødryg-
gen Member (purple to brick-red mudstones) and 7.5 m of 
the Albrechts Bugt Member (light grey, yellow-weathering 

mudstones) of the Palnatokes Bjerg Formation. Beneath 
the Palnatokes Bjerg Formation, the borehole encoun-
tered 8.0 m of the Lindemans Bugt Formation (dark grey/
black laminated mudstones), later referred to the new 
Storsletten Member (Alsen et al. 2023, this volume), and 
eventually, 180.1 m of the Bernbjerg Formation (dark 
grey mudstones with occasional thin sandstone string-
ers and carbonate-filled, thin fractures). TD was reached 

Fig. 5 The Brorson Halvø-1 drill site viewed approximately towards the ENE. The drill-rig stands on the dark grey mudstones of the Stratumbjerg For-
mation with the well-defined contact to the bright red Rødryggen Member clearly visible below. Downhill, the contact between the Rødryggen Member 
and the underlying Albrechts Bugt Member (yellow) stands out. The contact to the Storsletten Member (grey), in turn, underlying the Albrechts Bugt 
Member appears somewhat gradational, but in a clean section, it is very well defined (see Fig. 6; Photo: Annette Ryge).

Fig. 6 Example of core quality and recovery, Brorson Halvø-1 borehole, 34.44–41.24 m, Albrechts Bugt Member of the Palnatokes Bjerg Formation 
(light grey) and the sharp boundary with the underlying Storsletten Member of the Lindemans Bugt Formation (dark grey; Photo: John Boserup).

Bojesen-Koefoed et al. 2023: GEUS Bulletin 55. 8350. https://doi.org/10.34194/geusb.v55.8350
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at 225.6m b.rfl. (top of casing). Drilling was terminated 
due to notable water production from the borehole at 
TD. For details of the sedimentology, the mineralogy and 
diagenesis, and the organic geochemistry and petroleum 
potential, see Hovikoski et al. (2023a, this volume), Olivar-
ius et al. (2023, this volume) and Bojesen-Koefoed et al. 
(2023, this volume), respectively.

A total GR wireline log was collected in the borehole 
over the interval 0–210 m b.rfl., later supplemented by 
spectral-GR and bulk-density scanning of the cores over 
the interval 193 m – 225.6 m. The wireline log and the 
scanned GR core logs were then merged into one single 
total GR log. 

The core recovery was 99%, with significant losses of 
recovery mainly in the uppermost part of the succes-
sion, which was affected by surface weathering. The core 
quality was mostly excellent, with significant fracturing 
only found in intervals scattered throughout the succes-
sion, whilst coherent core predominated (Fig. 6). A total 
of 34 whole-core samples for gas analysis, each c. 10 cm 
in length, were collected on site and stored in airtight 
containers immediately after the cores were extruded 
from the core barrel. A large number of samples for 
different types of analyses were subsequently collected 
from the core. Most of these analyses are reported in 
papers by Alsen et al. (2023, this volume), Hovikoski 
et al. (2023a, this volume), Olivarius et al. (2023, this vol-
ume) and Bojesen-Koefoed et al. (2023, this volume). 
Additional data are reported by Hovikoski et al. (2023b), 
whereas a minor volume of miscellaneous data that 
have not found a place in the publications listed above 
are reported in internal GEUS reports.

2.3 Perspectives
The primary data from the three fully cored, comple-
mentary boreholes Blokelv-1, Rødryggen-1 and Brorson 
Halvø-1 are presented in Ineson & Bojesen-Koefoed 
(2018) and this volume. Together these cored sections 
represent a unique geological archive from a high lat-
itude setting, recording a key period when super-re-
gional deoxygenation prevailed in the marine waters of 
the proto-North Atlantic region. Though the significance 
of this archive may have waned commercially, given the 
imperative to adopt carbon-free energy sources, its con-
tinued importance lies in understanding the climatic, 
tectonic and oceanographic factors involved in water-
mass stratification, deoxygenation and carbon burial, as 
examined recently by Hovikoski et al. (2023b). It is pre-
dicted that this integrated core record will be the source 
of much multidisciplinary research in future years.
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Abstract
Two shallow cores drilled in northern Wollaston Forland, North-East Greenland, provide a com-
bined section covering the upper Kimmeridgian (Upper Jurassic) – Barremian (Lower Cretaceous) 
and comprising the Bernbjerg, Lindemans Bugt, Palnatokes Bjerg and Stratumbjerg Formations. 
A new lithostratigraphic unit, the Storsletten Member, is defined within the Lindemans Bugt For-
mation. The black mudstone-dominated intervals are dated primarily by dinoflagellate cysts and 
ammonites, whereas the calcareous mudstones of the Palnatokes Bjerg Formation – sandwiched 
between the black mudstones – are dated by calcareous nannofossils. The stratigraphy demon-
strates an almost complete succession in the Rødryggen-1 core, representing a deeper position 
in the basin, where the hiatus at the latest Jurassic rift climax predicted in previous models for 
the eastern Wollaston Forland Basin is absent. In contrast, the Brorson Halvø-1 core represents a 
position closer to a block crest where unconformities developed. In combination, the cores provide 
a key biostratigraphic reference section for the Jurassic–Cretaceous boundary interval in the Arctic.
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1. Introduction
The Rødryggen-1 and Brorson Halvø-1 cores were drilled in northern 
Wollaston Forland, North-East Greenland (Figs 1, 2). They are the second 
and third cores in an onshore drilling programme designed to character-
ise the Upper Jurassic source-rock succession in North-East Greenland 
(Bojesen-Koefoed et al. 2014). The programme started with the drilling of 
the Blokelv-1 core in central Jameson Land (Fig. 1; Ineson & Bojesen-Koe-
foed 2018).

The Rødryggen-1 borehole is located on the western side of Rødryggen 
(meaning ‘red ridge’) at the eastern margin of Storsletten, Wollaston Forland. 
Previous studies in the area have suggested that the Rødryggen ridge con-
sists of Upper Jurassic dark mudstones, separated with a major hiatus from 
overlying Ryazanian–Hauterivian (Lower Cretaceous) light grey or yellowish 
and red mudstones and is capped by dark, mid-Cretaceous mudstones (Sur-
lyk 1978; Alsen 2006; Pauly et al. 2013; Bjerager et al. 2020; Surlyk et al. 2021). 
Coring was initiated in the Valanginian and terminated in upper Kimmeridg-
ian strata at 234 m depth.

The Brorson Halvø-1 drill site at the south-western flank of Bern Plateau 
is situated approximately 10 km to the NE from the Rødryggen-1 drill site, 
across the Sumpdalen lowland that separates the Rødryggen ridge from the 
Brorson Halvø peninsula (Fig. 2). Coring was initiated stratigraphically some-
what higher, in Barremian dark mudstones, and reached 225 m depth, also 
in Kimmeridgian strata.
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The Blokelv-1 core in Jameson Land documents black 
mudstone deposition during the Oxfordian–Kimmeridg-
ian (Alsen & Piasecki 2018; Bjerager et al. 2018). The two 
cores in Wollaston Forland document the longevity and 
termination of the Late Jurassic black mudstone deposi-
tion in North-East Greenland. The Blokelv-1 core reflects 
a sag basin setting, whereas the Wollaston Forland 

area is characterised by block faulting and rotation 
and half-graben formation (Surlyk 1978, 2003). The two 
cores drilled in Wollaston Forland document different 
depositional histories at different structural positions 
within the half-graben complex. Hence, the Brorson 
Halvø-1 well is located near the elevated hanging wall 
crest of the Permpas Block (Fig. 2; Surlyk 1978), whereas 
the Rødryggen-1 well is located near the basin centre of 
the same block.

The aim of this study is to document in detail the 
lithostratigraphy and biostratigraphy of the composite 
cores section. This study not only adds significantly to 
the knowledge on the complexity of the Upper Jurassic 
stratigraphy in the area, but also presents new data of 
regional significance on the biostratigraphy of the Juras-
sic–Cretaceous boundary interval in the Arctic. The tar-
geted core interval, the Upper Jurassic dark mudstone 
succession, consists of two lithostratigraphic units: (1) the 
Kimmeridgian – lower Volgian Bernbjerg Formation and 
(2) a middle Volgian – lower Ryazanian new unit, which 
is here established as a new member – the Storsletten 
Member – within the Lindemans Bugt Formation.

2. Previous stratigraphic studies of the 
Upper Jurassic and Lower Cretaceous 
in Wollaston Forland
Upper Jurassic – Lower Cretaceous strata in Wollaston 
Forland were mapped during the Lauge Koch–led map-
ping campaigns in the 1940s (Vischer 1943; Maync 
1947). The Jurassic–Cretaceous boundary interval was 
further investigated by Donovan (1964) in the north-
ern Wollaston Forland, eastern Kuhn Ø and Lindeman 
Fjord areas (Fig. 2). The Jurassic – lowermost Cretaceous 
lithostratigraphy was formally established by Surlyk 
(1977, 1978) and recently revised and updated (Surlyk 
et al. 2021), whereas a Cretaceous lithostratigraphy was 
established by Bjerager et al. (2020). The Late Jurassic 
ammonite faunal succession in western Wollaston For-
land was described by Sykes & Surlyk (1976), whereas 
the ammonite and Buchia bivalve zonation in the thick 
rift-climax succession at the Jurassic–Cretaceous bound-
ary was established by Surlyk (1978) and Surlyk & 
Zakharov (1982). Nøhr-Hansen (1993) presented a dino-
flagellate cyst biostratigraphic subdivision of the Barre-
mian–Albian in North-East Greenland, partly based on 
sampled sections in Wollaston Forland. The zonation 
was recently extended and revised by Nøhr-Hansen 
et al. (2020). Macrofossils and the biostratigraphy of the 
Palnatokes Bjerg Formation from localities in central 
Wollaston Forland were described by Alsen & Rawson 
(2005), Harper et al. (2005), Alsen (2006) and Alsen & 
Mutterlose (2009), followed by calcareous nannofossil 
and isotope stratigraphic studies by Pauly et al. (2012a) 
and Möller et al. (2015).

Fig. 1 Simplified geological map showing the distribution of Permian–
Cretaceous sedimentary rocks in North-East Greenland. Position of study 
area in Fig. 2 indicated with a red box. Reproduced from Bojesen-Koe-
foed et al. (2023a, this volume, fig. 1).
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Fig. 2 Geological map of the study area. KHB: Kuhn Ø Block. KPB: Kuppel Block. PB: Permpas Block. HB: Hühnerbjerg Block. Modified from Bojesen-Koe-
foed et al. (2023a, this volume, fig. 1).

"

"

Major dykes/sills

Faults
Plateau lavas

Ice
Lakes
Rivers
Quaternary

Stratumbjerg & Fosdalen Fms
Palnatokes Bjerg Fm
Lindemans Bugt Fm
Bernbjerg Fm
Pelion, Jakobsstigen &
Payer Dal Fms
Permian
Pre-caledonian basement

10 km

Paleogene

Core-well

74°45ʹN

74°40ʹN

74°30ʹN

74°35ʹN

74°20ʹN

74°15ʹN

74°25ʹN

19°30'W

19°0ʹW

19°30ʹW

20°0ʹW20°30ʹW

K U H N  Ø

 

Greenland

Zackenberg

Young Sund

Ku
pp

el
pa

sse
t

Blæ
se

da
le

n

Clark
Bjerg

Dronning Augusta Dal

Lindeman Fjord
Brorson
Halvø

Kap
Maurer

Baselbjerget

Fligely Fjord

Bern Plateau

Albrecht
Bugt

Niesen

Lindem
an

sd
alen

CLAVERING
Ø

Perisphinctes Ravine
Laugeites Ravine

Rødryggen

Gr æ
ns

er
yg

ge
n

Sumpdalen

W O L L A S T O N
F O R L A N D

KHB

KPB

HB

PB

Rødryggen-1

Brorson Halvø-1

Falske Bugt

Aucellabjerg

Aucellapasset

St
or

sl
et

te
n

Alsen et al. 2023: GEUS Bulletin 55. 8342. https://doi.org/10.34194/geusb.v55.8342� 15



GEUSBULLETIN.ORG

16

3. Geological framework and 
lithostratigraphy
The Upper Jurassic – lowermost Cretaceous in the East 
Greenland Rift Basin was deposited in a series of sub-ba-
sins between Jameson Land in the south at c. 70.5°N to 
Store Koldewey at c. 76.5°N in the north (Fig. 1; Surlyk 
2003). The southernmost sub-basin in the Jameson Land 
area acted as an extensive, gently tilted platform sub-
siding asymmetrically with greatest subsidence to the 
west. North of Jameson Land, especially in the Wollaston 
Forland – Kuhn Ø area, basins are characterised by block 
faulting and tilting, initiated in the Middle Jurassic and cul-
minating in the latest Jurassic (Volgian), with segmentation 
into narrower, strongly tilted fault blocks (Surlyk 1978). 
Middle–Late Jurassic deposition records an overall trans-
gression and backstepping of the depositional system 
(Surlyk 1977, 1978). The Middle Jurassic sandstone-dom-
inated succession is thus overlain by Upper Jurassic off-
shore mudstones with a diachronous boundary, younging 
towards the north. The upper Oxfordian – lower Volgian 
comprises a 500–600 m thick black mudstone succession 
in the study area. Highest sea level and maximum trans-
gression was in the Kimmeridgian, but greatest water 
depths were likely reached during the Volgian rift climax, 
in the deepest parts of westerly tilted half-grabens (Surlyk 
2003). Thick successions of very coarse, deep marine, clas-
tic material were deposited in half-graben basins along 
the western, major fault scarp but rapidly passed into 
finer clastic deposition towards the east away from the 
scarp (Surlyk 1978). The more easterly situated half-gra-
ben segments are almost all covered by younger suc-
cessions. The Late Jurassic stratigraphy and deposition 
of those segments are thus poorly understood but are 
addressed by Hovikoski et al. (2023a, this volume) and in 
the present study based on the new core data obtained 
from the Rødryggen-1 and Brorson Halvø-1 cores. Rifting 
waned in the earliest Cretaceous (Ryazanian–Hauterivian) 
when half-graben sediment prisms were draped by rela-
tively finer-grained sediments (Surlyk 2003). The following 
early to mid-Cretaceous (Barremian – early Albian) period 
was characterised by tectonic quiescence, thermal sub-
sidence and deposition of a relatively thick succession of 
dark, marine siltstones and mudstones.

Both boreholes were initiated in the Lower Cretaceous 
and reach down into the Upper Jurassic. Together they 
penetrate three major lithostratigraphic units, the Var-
dekløft, Wollaston Forland and Brorson Halvø Groups 
(Figs 3, 4). Both cores exhibit the Bernbjerg, Lindemans 
Bugt and Palnatokes Bjerg Formations. The Bernbjerg 
Formation represents the upper part of the Upper Juras-
sic (Oxfordian – lower Volgian) tectonostratigraphic unit, 
reflecting increased rifting and marine flooding (J2.4 in 
Surlyk 2003). The Lindemans Bugt and Palnatokes Bjerg 
Formations of the Wollaston Forland Group represent the 

culmination of rifting and tilting of fault blocks (J2.5) and 
the end of rifting and regional drowning (J2.6), respec-
tively. In Rødryggen-1, coring began within the Albrechts 
Bugt Member, the lower member of the Palnatokes Bjerg 
Formation. The Brorson Halvø-1 core was initiated strati-
graphically higher and contains the Rødryggen Member, 
the upper member of the Palnatokes Bjerg Formation 
and the overlying Stratumbjerg Formation. The Stratum-
bjerg Formation is the lower part of an upper Hauteriv-
ian – mid-Albian (Cretaceous) tectonostratigraphic unit 
defined by Bjerager et al. (2020).

3.1 Bernbjerg Formation (Vardekløft Group)
The upper Oxfordian – lower Volgian Bernbjerg For-
mation is a widespread depositional unit in North-East 
Greenland cropping out on Store Koldewey in the north 
to Traill Ø in the south (Surlyk et al. 2021 and references 
therein). Its type and reference sections are located in 
Wollaston Forland and south-western Kuhn Ø (Surlyk 
1977), where the formation reaches a maximum thick-
ness of 500–600 m (Surlyk 1977; Surlyk & Clemmensen 
1983; Alsgaard et al. 2003). The Bernbjerg Formation 
sharply overlies either the Payer Dal Formation or the 
Jakobsstigen Formation (Surlyk et al. 2021). Neither 
the Rødryggen nor the Brorson Halvø cores reached 
the lower boundary of the Bernbjerg Formation. The 
nature of the upper contact to the Wollaston Forland 
Group depends on location within a tilted fault block; 
in the downfaulted part of a fault block, the boundary is 
conformable, whereas the contact is an angular uncon-
formity on the elevated fault block crests (Surlyk 1977, 
1978, 1991). Lithologically, the formation is character-
ised mainly by dark grey to black mudstone and inter-
laminated sandstone and mudstone. Sandstone beds, 
5–50 cm thick, may locally show current and wave-ripple 
cross-stratification (Surlyk 1977). Surlyk (2003) referred 
the lowermost heterolithic unit to the Ugpik Ravine 
Member. The cores described here from the Rødryg-
gen-1 and Brorson Halvø-1 boreholes reveal only the 
mud-dominated upper part of the Bernbjerg Formation.

3.2 Lindemans Bugt Formation (Wollaston 
Forland Group)
Prior to this study, middle Volgian – lower Ryazanian 
deposits were not known to crop out in the tilted Permpas 
Block, and the Palnatokes Bjerg Formation was consid-
ered to rest directly on the Bernbjerg Formation. The 
outcropping Bernbjerg Formation forms a badland 
area east of the Rødryggen ridge (Figs 2, 5) towards the 
Grænseryggen ridge. To the north, the Bernbjerg Forma-
tion is poorly exposed in the foot of the south-western 
slopes of the Bern Plateau (Fig. 6) separated from the 
badland exposures in the Rødryggen–Grænseryggen 

Alsen et al. 2023: GEUS Bulletin 55. 8342. https://doi.org/10.34194/geusb.v55.8342
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area by the Sumpdalen valley (Fig.  2). Vischer (1943) 
and Maync (1947) reported Kimmeridgian black shales 
with ammonites, some referred to Amoeboceras, others 
unidentified, from south of Albrechts Bugt and south and 
north of Sumpdalen. The upper part of the Bernbjerg For-
mation was thus considered removed by ‘pre-Valangin-
ian’ erosion, i.e. pre-Palnatokes Bjerg Formation, during 
the rift culmination at the Jurassic–Cretaceous transition 
(Surlyk 1977, 1978). Maync (1947) reported the Kimme-
ridgian to be directly overlain by ‘Aptian’ strata in places, 
i.e. the Stratumbjerg Formation. The poorly exposed 
mudstones below the Albrechts Bugt Member at the foot 
of the Rødryggen ridge (and at Brorson Halvø) were thus 
also considered Upper Jurassic Bernbjerg Formation, in 
older terminology the so-called Black Series (e.g. Maync 
1947; Koch & Haller 1971; Surlyk 1978). However, the 
palynostratigraphic ages obtained in the present work 
from these exposed strata demonstrate the presence 
of middle Volgian – lower Ryazanian mudstones in this 
area, as confirmed by the borehole data. The equivalent 

and comparable deposits in terms of age and lithology 
to the west are the fine-grained Laugeites Ravine and, 
particularly, Niesen Members of the Lindemans Bugt 
Formation. Those units are, however, confined to the 
westernmost tilted Kuppel and Kuhn Ø Blocks (Surlyk 
1978) and are related to distal parts of fan deltas. We 
therefore consider the middle Volgian – lower Ryazanian 
mudstones in the cored sections on the Permpas Block as 
separate, detached from those other members, and thus 
group them into a new member, the Storsletten Member 
(Fig. 3), as defined formally here (Section 3.1.2.1). The unit 
is probably distributed throughout the Permpas Block, 
which was blocked from receiving the coarse-grained 
sediments that dominated deposition along the main 
fault to the west, since it was separated by the elevated 
block crest of the Kuppel Block and the Kuhn Block. Other  
tilted block basins separated from the westernmost 
blocks are also likely to have been dominated by  
mud deposition during the middle Volgian – early 
Ryazanian.

Fig. 3 Oxfordian–Barremian lithostratigraphy for Wollaston Forland. L.: lower. M.: middle. U.: upper. 
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Fig. 4 Sedimentological logs of (A) the Rødryggen-1 core, (B) the Brorson Halvø-1 core and (C) legend to both logs. API Cs.: American Petroleum Insti-
tute units. VF: very fine. F: fine. M: medium. C: coarse. VC: very coarse.
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3.2.1 Storsletten Member
new member

History. The member was not known when the Linde-
mans Bugt Formation was erected (Surlyk 1978). The 
formation encompasses mudstones deposited on the 
Permpas Block during the tectonostratigraphic phase J2.5 
in Surlyk (2003).

Type section. The Rødryggen-1 core between 97 and 24.4 
m depth (Fig. 4A). Position: N 74°32.561’, W 19°50.924’ 
(Figs 2, 5).

Reference section. The Brorson Halvø-1 core between 
45.5 and 37.5 m depth (Fig. 4B). Position: N 74°35.227’, 
W 19°34.327’ (Figs 2, 6).

Thickness. The thickness of the member varies depend-
ing on the position on the tilted fault block. The unit is 
thickest where it is most complete, in the deeper, west-
ern part of the half-graben basin. It is 72.5 m thick in 
the Rødryggen-1 core (Fig. 4A). Due to major hiatuses, 
it is only 8 m thick in the Brorson Halvø-1 core (Fig. 4B).

Lithology. Dark grey to black, laminated to structure-
less mudstone, commonly rich in pyrite and marine 
fossils. Slump folding is common locally (Brorson 
Halvø-1 core); for lithological and diagenesis data, 
see Hovikoski et al. (2023a, this volume) and Olivarius 
et al. (2023, this volume), respectively. The member 
differs from the other coeval members by its higher 
content  of organic carbon and the oxygen-restricted 
nature of its deposits (Bojesen-Koefoed et al. 2023b, 
this volume).

Fossils. Ammonites, buchiid bivalves, common frag-
ments of inoceramids and palynomorphs.

Depositional environment. Deep oxygen-restricted 
basin and slope, below storm wave base. The oxy-
gen-restricted character is demonstrated by inorganic 
and organic geochemistry as well as the scarcity of 
bioturbation (Bojesen-Koefoed et al. 2023b, this vol-
ume; Olivarius et al. 2023, this volume; Hovikoski et 
al. 2023b).

Boundaries. The boundary between the Bernbjerg 
Formation and the Lindemans Bugt Formation is 
lithologically transitional in the type section and 
occurs between 125 and 76 m (Fig. 4A). The forma-
tion boundary in the type section is placed at 97 m, 
where the gamma-ray values increase to c. 200 API 
(American Petroleum Institute units) for the first time 
(Bojesen-Koefoed et al. 2023b, this volume). The for-
mation change is also recognisable as gradational 
facies change from mudstone showing silt-clay inter-
lamination to laminated clayey mudstone, increas-
ing pyrite and fossil content and locally increasing 
slump-folding. Moreover, the formation change is 
well-expressed in a variety of source-rock charac-
teristics such as increasing Hydrogen Index, S2 and 
C30 desmethyl sterane values, reflecting increas-
ing marine organic matter content (Bojesen-Koe-
foed et al. 2023b, this volume). The upper boundary 
towards the Albrechts Bugt Member of the Palna-
tokes Bjerg Formation is gradational in the Rødryg-
gen-1 core, whereas in the Brorson Halvø-1 core, the 
boundary is erosional and represents a hiatus (Fig. 4).  
The gradation occurs within 1 m in the type section, 
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25.5–24.4 m (Fig. 4A). The boundary is readily recog-
nisable by an abrupt decrease in gamma-ray values, 
increasing matrix carbonate content, a change in matrix 
colour from black to light grey, increasing bioturbation 
intensity and a change in fossil content with nannofos-
sils, foraminifera and Buchia shells becoming abundant.

Distribution. Recorded only in the Rødryggen-1 and Bror-
son Halv-1 core wells and in restricted exposures close 
to the well sites.

Chronostratigraphy. Middle Volgian Dorsoplanites 
primus ammonite chronozone – lower Ryazanian 
upper Gochteodinia villosa villosa dinoflagellate cyst zone.

3.3 Palnatokes Bjerg Formation (Wollaston 
Forland Group)
The upper syn-rift to early post-rift succession is rep-
resented by the Palnatokes Bjerg Formation. It con-
tains the Albrechts Bugt Member, overlain by the 

Fig. 5 Views of the Rødryggen-1 drill site. (A) Oblique aerial view, towards the south-east of the Rødryggen ridge showing the outcropping units 
and the position of the Rødryggen-1 drill site (red dot) situated on a plateau within the yellowish weathering Albrechts Bugt Member. The bad-
lands area in the background is the Upper Jurassic Bernbjerg Formation. (B) View across the Storsletten plain towards the east and the Rødryg-
gen ridge. AB: Albrechts Bugt Member. PB: Palnatokes Bjerg Formation. Rr: Rødryggen Member. Sto: Storsletten Member. Str: Stratumbjerg 
Formation.
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Rødryggen Member. The Young Sund and Falske Bugt 
Members are coarse-grained units that developed in 
western and eastern parts of the basin, respectively, 
and were not encountered in the wells drilled in the 
Permpas Block.

3.3.1 Albrechts Bugt Member
The Albrechts Bugt Member consists of calcareous 
sandy, light grey to yellowish mudstone with abundant 
calcareous concretions (Surlyk 1978; Surlyk et al. 2021). 
At outcrop, the member weathers in conspicuous 

Fig. 6 Views of the Brorson Halvø-1 drill site. (A) Oblique aerial view of the Brorson Halvø-1 drill site (red dot) at the foot of the southern slope of Bern 
Plateau, SW Brorson Halvø. (B) Geology around the drill site. Pale, yellowish weathering of the Albrechts Bugt Member is seen sharply overlain by the 
Rødryggen Member (both Palnatokes Bjerg Formation), overlain by the Stratumbjerg Formation. A roughly SE–NW-oriented doleritic dyke intersects 
the Stratumbjerg Formation and a doleritic sill caps the Bern Plateau (sill; upper right). The drill site was situated on a small plateau in the lower part 
of the Stratumbjerg Formation (grey tent on platform). Photo: A. Ryge. AB: Albrechts Bugt Member. Fo: Fosdalen Formation. Rr: Rødryggen Member. 
Sto: Storsletten Member. Str: Stratumbjerg Formation. 
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bright, yellow colours that contrast strongly with the 
essentially grey colour of the fresh and unweathered 
rock. The deposits are typically highly bioturbated and 
rich in Buchia bivalves, belemnites and ammonites (see 
also Alsen 2006).

The lithological contact between the Lindemans 
Bugt Formation and Albrechts Bugt Member of the Pal-
natokes Bjerg Formation is gradational in the Rødryg-
gen-1 core and sharp in the Brorson Halvø-1 core. The 
boundary is readily recognisable by an abrupt decrease 
in gamma-ray (GR) values, increasing matrix carbonate 
and sand content, decreasing clay content, a change in 
matrix colour from black to light grey, increasing bio-
turbation intensity and a change in fossil content, with 
nannofossils, foraminifera and Buchia shells becom-
ing abundant. The boundary is placed at 24.4 m in the 
Rødryggen-1 core and at 37.5 m in the Brorson Halvø-1 
core (Fig. 4). The thickness of the unit is laterally vari-
able; it reaches a maximum thickness of c. 300 m at Mt. 
Niesen (Wollaston Forland), where it interfingers with 
the fine-grained facies of the Young Sund Member. 
Towards the east, on the Permpas Block, the member 
rapidly pinches out to c. 30 m (Surlyk 1978). The upper 
boundary is transitional when overlain by the red mud-
stones of the Rødryggen Member.

3.3.2 Rødryggen Member (only in the Brorson 
Halvø-1 core)
The Rødryggen Member consists of red, massive or lam-
inated hematitic mudstones with intercalated fine sandy 
yellow mudstones (Surlyk 1978; Surlyk et al. 2021). The 
contact between the Albrechts Bugt and Rødryggen 
Members is transitional and interlayered within a 70 cm 
interval in the Brorson Halvø-1 core. The change is visi-
ble as a gradational change in colour from light grey to 
red; the boundary is placed at 30.0 m where the matrix 
turns permanently red (Fig. 4B). Moreover, the Rødryg-
gen Member differs from the Albrechts Bugt Member 
in microfossil and macrofossil content with foraminifers 
and inoceramid shell becoming more common.

3.4 Stratumbjerg Formation (Brorson Halvø 
Group; only in Brorson Halvø-1 core)
The Stratumbjerg Formation marks a return to depo-
sition of dark, fine-grained sediments in an oxygen-re-
stricted environment below storm wave base during the 
tectonically quiescent phase after the Volgian rift climax 
and Ryazanian–Valanginian late rift phases. The unit is 
widely distributed throughout North-East Greenland, 
from Traill Ø in the south to Store Koldewey in the north 
(Bjerager et al. 2020). The boundary to the underlying 
Rødryggen Member is gradational within an 80 cm inter-
val in the Brorson Halvø-1 core. The boundary is placed 
at 8.7 m (top of transition), where the bioturbated grey 

mudstones no longer interfinger with reddish mud-
stones (Fig. 4B).

4. Biostratigraphic methods and 
approach
The Rødryggen-1 borehole is 234.5 m deep, and the 
Brorson Halvø-1 borehole is 225.7 m deep. Both bore-
holes were fully cored, with recoveries of 99%. The core 
diameter in both cores is 42 mm. Each core is essentially 
treated as one sample and assigned codes with the pre-
fix ‘GEUS’. The Rødryggen-1 well is designated as GEUS 
517001, and the Brorson Halvø-1 is designated as GEUS 
517003. Sub-numbers were assigned to the extracted 
material, which was sampled for a suite of core analy-
sis, including biostratigraphy, geochemistry, rock prop-
erties and provenance (see also Bojesen-Koefoed et al. 
2023b, this volume; Olivarius et al. 2023, this volume). 
For simplicity, in this study, we only refer to the levels or 
borehole depths (below surface) for the respective sub-
samples, for example in range charts, tables and figure 
captions.

4.1 Macrofossils
Before the cores were subject to slabbing and sampling 
for the standard analytical programme, they were exam-
ined for macrofossils. Examination for macrofossils was 
particularly directed to where the core had naturally 
split along bedding planes, commonly along planes with 
fossils, so that all ends of the individual core pieces were 
inspected. Most of the fossils are fragmented. Identifi-
cation also suffers from the relatively small diameter of 
the core such that only small portions of a fossil were 
usually available for study, and thus fewer diagnostic 
characters are available in these cases.

4.2 Palynomorphs and calcareous 
nannofossils
Mudstones for palynostratigraphic analysis were initially 
sampled at an even spacing throughout the core. Upon 
initial biostratigraphic screening, additional material was 
subsequently sampled in selected intervals, for exam-
ple, across lithostratigraphic or chronostratigraphic 
boundaries such as the Jurassic–Cretaceous boundary 
interval, to obtain higher biostratigraphic subdivision 
and precision. The calcareous mudstone intervals of the 
Palnatokes Bjerg Formation were sampled specifically 
for calcareous nannofossil stratigraphy. Each sample 
for palynomorphs and nannofossil analysis comprised 
a split/slabbed, 4 to 6 cm thick core interval. The well 
depth of a mudstone sample is the medium point of the 
thickness of the sample.

The palynological preparation methods of the 
crushed sample material include processing with HCl, 
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HF, oxidation with HNO3 and heavy-liquid separation. 
Samples from the Bernbjerg and Lindemans Bugt 
Formations contain abundant marine and terrestrial 
organic matter, which required repeated oxidation and 
ultrasonic treatment to release identifiable dinoflagel-
late cysts, with slides produced after each repeated 
preparation step. When a state of sufficient oxidation 
was reached, the organic residue was sieved with a 21 
µm filter. The coarser fraction was swirled and even-
tually mounted on glass slides using a glycerine jelly 
medium.

The dinoflagellate cyst content was analysed using 
a normal light microscope. All dinoflagellate cysts in 
one slide from each sample were counted to perform 
a semiquantitative analysis. This approach applies to 
dark mudstone intervals, whereas the diversity and 
abundance in the very low organic, calcareous mud-
stones of the Palnatokes Bjerg Formation do not allow 
for comparison with data from the dark mudstone 
units. In addition to dinoflagellate cysts, acritarchs 
and phrasinophycean and freshwater algae were also 
counted. The palynological taxonomy follows the Len-
tin and Williams Index of Fossil Dinoflagellates, 2004 
Edition (Fensome & Williams 2004), unless otherwise 
indicated by author references.

Nannofossil slides were prepared using the simple 
smear slide technique of Bown & Young (1998). Where 
samples appeared to be barren with respect to calcar-
eous nannofossils, three length traverses of the smear 
slide were examined. Where a particular species of nan-
nofossil dominated the slide, one length traverse was 
counted, and then two further lengths were checked 
for rare forms. Biostratigraphic ranges of nannofossils 
are adapted from Burnett (1998), Bown et al. (1998) and 
Pauly et al. (2012a).

4.3 Stratigraphic nomenclature and 
methodology
The Tithonian and Berriasian are the standard stages 
for the uppermost Jurassic and lowermost Cretaceous, 
respectively, as defined in the Tethyan Realm. Due to 
pronounced faunal provincialism around the system 
boundary and the recognition of faunally clearly sep-
arated Tethyan and Boreal Realms, a parallel stage 
nomenclature has evolved for the Boreal area. Until 
improved correlation between Boreal and Tethyan areas 
is obtained, a Boreal subdivision and stage nomencla-
ture are commonly adopted in Greenland, including 
in this study. This study also follows the stratigraphic 
concept commonly applied for Middle–Upper Jurassic 
stratigraphic studies in East Greenland, which consid-
ers ammonite zones as chronozones, representing rock 
units that are also identifiable by means of fossil groups 
other than ammonites. The East Greenland Upper 

Jurassic ammonite zonation is thus closely integrated 
with the dinoflagellate cyst record (see also discussion 
in Alsen & Piasecki 2018 and references therein).

4.4 Rødryggen-1 core
The Rødryggen-1 core was initially sampled at 37 levels 
for palynostratigraphy and nannofossil stratigraphy with 
a standard c. 10 m spacing, but with somewhat denser 
sampling in the lowermost and uppermost parts of the 
core. Subsequent sampling at critical levels resulted in 
a total of 63 sampled levels being analysed for paly-
nostratigraphy. The dark mudstones of the Bernbjerg, 
Lindemans Bugt and Stratumbjerg Formations were pri-
marily dated with palynostratigraphy aided by ammo-
nite stratigraphy. The pale, calcareous mudstones of the 
Albrechts Bugt Member (Palnatokes Bjerg Formation) 
were dated by a combination of palynostratigraphy and 
calcareous nannofossil stratigraphy.

Ammonites occur only in two intervals, between 225 
and 197 m, and in a c. 65 m thick interval between 90 
and 26 m (Fig. 4A). The few ammonites in the lower 
interval are of little biostratigraphic value (Table 1), so 
age-significant ammonites are essentially restricted to 
the Storsletten Member of the Lindemans Bugt Forma-
tion. No ammonites were found in the interval between 
90 and roughly 200 m. The latter interval is characterised 
by finely laminated dark mudstones, which theoretically 
have a good preservation potential for fossils. Ammo-
nites are thus probably present. However, the interval 
is intensely fractured hampering both the preservation 
and detection of fossils.

Ten samples from the Rødryggen-1 core were exam-
ined for nannofossil content. Seven mudstone samples 
from the Bernbjerg and Lindemans Bugt Formations 
were almost barren with respect to calcareous nanno-
fossils. Thus, only the three samples from the calcareous 
mudstones of the Albrechts Bugt Member (Palnatokes 
Bjerg Formation) yielded relatively good nannofossil 
recovery.

4.5 Brorson Halvø-1 core
The Brorson Halvø-1 core was sampled for palynos-
tratigraphy and nannofossil stratigraphy with default 
sample spacing of c. 10–15 m, a slightly less dense 
sampling strategy than used for the Rødryggen-1 core. 
Subsequent closer sampling was undertaken in litho-
stratigraphic and chronostratigraphic boundary inter-
vals to obtain higher precision, for example, to ascertain 
the stratigraphic significance of hiatuses.

Well-preserved ammonites are absent in the core and 
the integration of ammonite and palynostratigraphy, 
which was of great benefit in the analysis of the Rødryg-
gen-1 core, could not be undertaken. The biostratigra-
phy of the core receives only minor support from the 
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Table 1 Summary of macrofossils recorded in the Rødryggen-1 core.

Depth GEUS 517001 and 
sub-sample number

MGUH no.a Figure no. (this 
study)

Description / taxononomy Faunal horizon 
sensu Callomon & 
Birkelund (1982)

Ammonite stratigraphy

27.73 m –401 34200 10.S Hectoroceras sp.   H. kochi Zone
35.80 m –402     bivalve   P. maynci Zone
37.49 m –438 34199 10.R  cf. Praetollia maynci Spath   P. maynci Zone
40.22 m –437     Buchia bivalve   S. (Sw.) primitivus Zone
43.18 m not sampled     Ammonite indet.   S. (Sw.) primitivus Zone

43.21 m –403 34198 10.Q
Subcraspedites (Swinnertonia) 
sp. juv.

  S. (Sw.) primitivus Zone

45.37 m –404 34197 10.P
S. (Swinnertonia) cf. subundulatus 
Swinnerton

  S. (Sw.) primitivus Zone

45.73 m –405     bivalve   (P. exoticus Zone)
47.20 m –406 34196 10.O aptychus   (P. exoticus Zone)
47.52 m –407     bivalve   (P. exoticus Zone)
47.94 m –436     ?Praechetaites sp.   (P. exoticus Zone)
48.09 m –435     Buchia bivalve   (P. exoticus Zone)
48.37 m –408 34195 10.N Ammonite indet.   (P. exoticus Zone)

48.54 m –427 34194 10.M
cf. Praechetaites exoticus 
(Shulgina)

  (P. exoticus Zone)

48.82 m –434 34193 10.L
cf. Praechetaites exoticus 
(Shulgina)

  (P. exoticus Zone)

49.94 m –433    
ammonite; indeterminate 
juvenile

  (P. exoticus Zone)

50.14 m –432    
cf. Praechetaites exoticus 
(Shulgina)

  (P. exoticus Zone)

51.55 m –409 34192 10.K
Laugeites cf. planus 
Mesezhnikov

M 47 L. groenlandicus Zone

52.30 m –431    
ammonite fragment; 
indeterminate

  L. groenlandicus Zone

52.50 m –430      L. cf. biplicatus M 47 L. groenlandicus Zone

52.82 m –410 34191 10.J
Laugeites cf. intermedium 
Donovan

  L. groenlandicus Zone

53.27 m –429     ammonite aptychi   L. groenlandicus Zone

53.67 m –411 34190 10.I
Laugeites cf. biplicatus 
Mesezhnikov

M 47 L. groenlandicus Zone

54.53 m –412     ?Laugeites sp.   L. groenlandicus Zone
55.25 m –413     Ammonite indet.   E. pseudapertum Zone

55.98 m –414 34189 10.H
Epipalliceras cf. pseudapertum 
Spath 

M 42 E. pseudapertum Zone

62.43 m –415 34188 15.B micro-onychites   D. gracilis Zone
66.54 m –416     belemnite   D. gracilis Zone
66.84 m –417     Ammonite indet.   D. gracilis Zone
70.06 m –418 34187 10.G Dorsoplanites jamesoni Spath M 40? D. gracilis Zone

74.03 m –419 34186 10.F
Pavlovia cf. corona Callomon & 
Birkelund

M 37 D. liostracus Zone

74.20 m –420 34185 10.E Dorsoplanites aff. liostracus M 37 D. liostracus Zone

75.43 m –421 34184 10.D
Pavlovia cf. variocostata Callo-
mon & Birkelund

M 35 P. communis Zone

89.26 m –422 34183 15.A mega-onychites   D. primus Zone

89.30 m –423 34182 10.C
Dorsoplanites primus Callomon 
& Birkelund

M 31 D. primus Zone

90.85 m –424 34181 10.B Dorsoplanites sp.   D. primus Zone
199.42 m –425     Ammonite indet.   ?
227.72 m –426 34180 10.A Amoeboceras? sp.   ?

aThe specimens are stored in the Palaeontology Type Collection at the Natural History Museum of Denmark and each labelled with an MGUH num-
ber – Museum Geologica Universitas Hafniensis.  
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macrofossils collected in exposures near the drill site, 
where Alsen (2006) recorded the ammonite fauna in the 
Albrechts Bugt and Rødryggen Members.

A total of 41 samples were analysed for palyno-
morphs: 19 in the Bernbjerg Formation, 7 in the Linde-
mans Bugt Formation (Storsletten Member), 12 in the 
Palnatokes Bjerg Formation and 3 in the Stratumbjerg 
Formation. From the upper part of the Brorson Halvø-1 
core (40.27 to 6.16 m), analysis of calcareous nanno-
plankton was applied in 19 samples. The lowest sample 
represents dark mudstone of the Lindemans Bugt For-
mation and is barren, as are equivalent black mudstone 
samples from the Rødryggen-1 core. In the remaining 
samples, the preservation of the calcareous nanno-
plankton varies from good to moderate. Most samples 
of the Albrechts Bugt Member yield well-preserved cal-
careous nannoplankton. The calcareous nannoplankton 
in the Rødryggen Member shows good to moderate 
preservation and overgrowth by iron oxide minerals. 
Surprisingly, the organic-rich grey mudstones of the 
Stratumbjerg Formation also yielded well-preserved cal-
careous nannoplankton assemblages.

5. Biostratigraphy of the Rødryggen-1 
core
The biostratigraphic subdivision of the Rødryggen-1 
core is described from total depth (TD) at 234.40 m 
upwards. The location of bulk-rock samples for paly-
nostratigraphy is seen in the charts illustrating the dis-
tribution and ranges of dinoflagellate cyst taxa, palyno 
events and calcareous nannofossil taxa (Figs 7, 8). The 
recorded ammonite levels are listed in Table 1 and 
illustrated in a stratigraphic distribution chart (Fig. 9). 
Selected ammonites and dinoflagellate cysts are illus-
trated in Figs 10–13.

5.1 Aulacostephanus eudoxus Chronozone  
(234.40 m (TD) – 220.51 m)
Fossils. The recognition of the zone is based on its dino-
flagellate cyst record. One poorly preserved ammonite 
is a possible Amoeboceras (227.72 m; Fig. 10A; Table 1). 
The base of the zone is arbitrarily placed at the base 
of the core (at TD). The dinoflagellate cyst assem-
blage is relatively diverse, and cysts are abundant. The 
zone is dominated by Perisseiasphaeridium pannosum,  
Paragonyaulacysta capillosa and Cribroperidinium spp., 
whereas Epiplosphaera reticulospinosa and Paragon-
yaulacysta borealis are common taxa at discrete levels 
within the zone.

Biostratigraphy. Abundant P. pannosum is reported to 
range from ammonite faunal horizon M 20, at the base 
of the Aulacostephanus eudoxus Zone, to a level between 
faunal horizons M 22 and M 23 near the top of the A. 

eudoxus Zone in Milne Land (Fig. 14; Piasecki 1996). P. 
pannosum was used as a key taxon of the A. eudoxus 
Zone in the Blokelv-1 core in Jameson Land (Alsen & 
Piasecki 2018) and the Brorson Halvø-1 core (herein). 
Rhycodiniopsis cladophora has its uppermost occur-
rence at M 21 in Milne Land (Piasecki 1996). P. borealis 
is common in these assemblages and is present from 
234.41 m, but it is known to range much deeper, to the 
P. baylei Zone level in Milne Land (Piasecki 1996). Din-
godinium minutum, Gonyaulacysta jurassica, Taeniophora 
iunctispina and possibly Nannoceratopsis pellucida occur 
scattered and are rare in this chronozone, either as last 
occurrences or reworked from strata below.

Age. Kimmeridgian, Late Jurassic.

Organic matter. Amorphous kerogen (often termed AOM) 
together with a large proportion of terrestrial organic 
material from higher land plants, especially degraded 
black grains of woody material, dominate the interval. 
The presence of dinoflagellate cysts indicates a marine 
environment, and the dominance of AOM is suggestive 
of oxygen-deficient bottom conditions.

5.2 Aulacostephanus autissiodorensis 
Chronozone (220.51–150.25 m)
Fossils. The recognition of this chronozone is based on 
its dinoflagellate cyst record. It contains only one inde-
terminable ammonite (199.42 m; Table 1). The base 
of the zone is recognised as the level with the lowest 
occurrence of abundant Oligosphaeridium patulum 
(220.51 m). The composition of the dinoflagellate cyst 
assemblage changes from 220.51 m to be characterised 
by abundant Oligosphaeridium patulum, Cribroperidin-
ium spp. and Cyclonephelium distinctum. Paragonyaula-
cysta capillosa is common but less frequent upwards. 
The assemblage is characterised by low diversity and 
low abundance, probably due to the high content of 
organic material.

Biostratigraphy. Abundant O. patulum appears in the 
basal A. autissiodorensis Chronozone between ammo-
nite faunal horizons M 22 and M 23 in Milne Land (Fig. 
14; Piasecki 1996; Alsen & Piasecki 2018). Cribroperidin-
ium complexum has its highest occurrence at the bound-
ary of the A. autissiodorensis and P. elegans Chronozones 
(BioStrat 2018).

Age. Kimmeridgian, Late Jurassic.

Organic matter. The interval is characterised by abun-
dant amorphous kerogen together with a large pro-
portion of terrestrial organic material from higher land 
plants, especially brown to black woody material. The 
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Fig. 8 The distribution of calcareous nannofossils in the Rødryggen-1 core.
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Fig. 10 Selected ammonites recorded in the Rødryggen-1 core. A: Amoeboceras? sp., level 227.72 m, MGUH 34180. B: Dorsoplanites sp., level 90.85 
m, MGUH 34181. C: Dorsoplanites primus, level 89.30 m, MGUH 34182. D: Pavlovia cf. variocostata, level 75.43 m, MGUH 34184. E: Dorsoplanites aff. 
liostracus, level 74.20 m, MGUH 34185. F: Pavlovia cf. corona, level 74.03 m, MGUH 34186. G: Dorsoplanites jamesoni, level 70.06 m, MGUH 34187. H: 
Epipallasiceras cf. pseudapertum, level 55.98 m, MGUH 34189. I: Laugeites cf. biplicatus, level 53.67 m, MGUH 34190. J: Laugeites cf. intermedium, level 
52.82 m, MGUH 34191. K: Laugeites cf. planus, level 51.55 m, MGUH 34192. L: cf. Praechetaites exoticus, level 48.82 m, MGUH 34193. M: cf. Praechetaites 
exoticus, level 48.54 m, MGUH 34194. N: Ammonoidea indet., level 48.37 m, MGUH 34195. O: aptychus, level 47.20 m, MGUH 34196. P: S. (Swinnertonia) 
cf. subundulatus, level 45.37 m, MGUH 34197. Q: Subcraspedites (Swinnertonia) sp. Juv., level. 43.21 m, MGUH 34198. R: cf. Praetollia maynci Spath, level 
37.49 m, MGUH 34199. S: Hectoroceras sp., level 27.73 m, MGUH 34200. The specimens are stored in the Palaeontology Type Collection at the Natural 
History Museum of Denmark and each labelled with an MGUH number – Museum Geologica Universitas Hafniensis.
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Fig. 11 Selected biostratigraphically significant dinoflagellate cysts and acritarchs from the Rødryggen-1 core. Scale bars: 25 µm. A and B: Paragon-
yaulacysta capillosa, sample 234.4 m, slide 2. C and D: Paragonyaulacysta borealis, sample 140.25 m, slide 6, and 136.26 m, slide 5. E and F: Perisseias-
phaeridium pannosum, sample 226.22 m, slide 4. G and H: Oligosphaeridium patulum, sample 130.26 m, slide 6. I and J: Cribroperidinium complexum, low 
and high focus on the same specimen, sample 234.5 m, slide 5. K and L: Trichodinium piaseckii, sample 136.26 m, slide 6. M: Senoniasphaera clavellii, 
sample 90.27 m, slide 5. N: Cassiculosphaeridium magna, sample 90.27 m, slide 5. O: Wallodinium krutzschii, sample 110.15 m, slide 4. P: Muderongia 
simplex, sample 76.74 m, slide 4.
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Fig. 12 Selected biostratigraphically significant dinoflagellate cysts and acritarchs from the Rødryggen-1 core. Scale bars: 25 µm. A, B and C: Lagenorhy-
tis delicatula, showing variable morphology, sample 54.31 m, slide 7. D: Gochteodinia villosa subsp. villosa, sample 56.88 m, slide 4 and 5. E: Leptodinium 
subtile, sample 90.27 m, slide 5. F: Perisseiasphaeridium insolitum, sample 59.85 m, slide 4. G, H and I: large Pterospermella spp., sample 40.62 m, slide 5, 
and sample 35.2 m, slide 7. J and K: small Pterospermella spp., sample 43.43 m, slide 5 and sample 35.2, slide 7. L and M: Isthmocystis distincta, sample 
35.02 m, slide 3. N, O, P, Q and R: morphological variations of Gochteodinia villosa subsp. villosa, (N–Q) sample 37.71 m, slide 7, and (R) sample 35.02 
m, slide 4. S: Circulodinium compta, sample 31.95 m, slide 4. T: Scriniodinium pharo, sample 24.1 m, slide 3.
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Fig. 13 Selected biostratigraphically significant dinoflagellate cysts and acritarchs from the Rødryggen-1 (A–M) and the Brorson Halvø-1 (N–R) cores. 
Scale bars: 25 µm. A: Palaecysta palmula, sample 24.1 m, slide 2. B: Rotosphaeropsis thule, sample 27.0 m, slide 7. C: Scriniodinium pharo, sample 27.1 m, 
slide 3. D: Paragonyaulacysta borealis, sample 35.2 m, slide 4. E: Tubotuberella apatela, sample 25.0 m, slide 9. F: Phoberocysta neocomica, sample 13.2 
m, slide 2. G: Paragonyaulacysta capillosa, sample 21.38 m, slide 2. H: Oligosphaeridium complex, sample 10.17 m, slide 2. I: Oligosphaeridium complex, 
sample 17.82 m, slide 2. J: Nelchinopsis kostromiensis, sample 10.17 m, slide 2. K: Palaecysta palmula, sample 9.00 m, slide 2. L: Gochteodinia villosa 
subsp. villosa, sample 24.1 m, slide 3. M: Lagenorhytis delicatula, sample 2.78 m, slide 4. N: Batioladinium longicornutum, sample 3.37 m, slide 3. O: 
Muderongia tetracantha, sample 9.18 m, slide 3. P: Muderongia staurota, sample 9.18 m, slide 3. Q: Nelchinopsis kostromiensis, sample 6.16 m, slide 3. R: 
Pseudoceratium anaphrissum, sample 3.37 m, slide 3.
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presence of dinoflagellate cysts indicates a marine envi-
ronment, and the dominance of AOM is suggestive of 
oxygen-deficient bottom conditions.

5.3 Pectinatites elegans Chronozone  
(150.25–130.26 m)
Fossils. The recognition of this chronozone is based on 
its dinoflagellate cyst record. The dinoflagellate cyst 
assemblage is characterised by abundant Oligosphaerid-
ium patulum, Cribroperidinium spp., Sirmiodinium grossii 
and C. distinctum. Paragonyaulacysta capillosa is common 
but less frequent upwards. The assemblage is mostly of 
low diversity and low abundance, probably due to the 
abundance of organic material.

Biostratigraphy. The base of the zone is recognised as the 
level with the last occurrence of Cribroperidinium com-
plexum and the first occurrence of Trichodinium piaseckii.

Age. Early Volgian, Late Jurassic

Organic matter. The interval is characterised by abun-
dant amorphous kerogen together with a large pro-
portion of terrestrial organic material from higher land 
plants, especially brown to black woody material. The 
presence of dinoflagellate cysts indicates a marine envi-
ronment, and the dominance of AOM is suggestive of 
oxygen-deficient bottom conditions.

5.4 (Pectinatites scitulus –) Pectinatites 
wheatleyensis Chronozones undiff.  
(130.26–119.70 m)
Fossils. The recognition of the interval is based on its dino-
flagellate cyst record. The base is placed above the last 
occurrence of abundant Oligosphaeridium patulum. The 
dinoflagellate cyst assemblage is characterised by Cribro-
peridinium spp. and Sirmiodinium grossii. Apteodinium 
spp., Cassiculosphaeridium magna, Paragonyaulacysta cap-
illosa and P. borealis are locally common. The assemblage 
is recorded as moderately diverse and abundant.

Biostratigraphy. The P. scitulus ammonite Zone has 
never been proven by ammonites in Greenland but 
is included in the zonal scheme due to the general 
resemblance of the ammonite successions in Green-
land and England (Fig. 14; Birkelund et al. 1984). Hence, 
we refer to it with caution, as indicated by the brackets. 
The top of abundant O. patulum occurs in ammonite 
faunal horizon M 25 (Piasecki 1996). This succession 
therefore correlates with the (P. scitulus –) P. wheatley-
ensis Chronozones.

Age. Early Volgian, Late Jurassic.

Organic matter. The interval is characterised by abun-
dant amorphous kerogen together with a large pro-
portion of terrestrial organic material from higher land 
plants, especially brown to black woody material. The 
presence of dinoflagellate cysts indicates a marine envi-
ronment, and the dominance of AOM is suggestive of 
oxygen-deficient bottom conditions.

5.5 Pectinatites huddlestoni – Pectinatites 
pectinatus Chronozones undiff.  
(119.70–97.00 m)
Fossils. The recognition of the interval is based on its 
dinoflagellate cyst record. Trichodinium piaseckii and 
Senoniasphaera clavellii have the highest occurrence in 
110.15 m, and the last occurrence of O. patulum is at 
99.72 m near the top of the interval. The assemblage 
is characterised by Oligosphaeridium patulum, Parago-
nyaulacysta capillosa, P. borealis and Sirmiodinium gros-
sii. The assemblage is considered moderately diverse 
and abundant. Within this interval, Pterospermella spp. 
acritarchs have their first appearance and become com-
mon and abundant from this interval and upwards until 
their highest occurrence at 21.38 m.

Biostratigraphy. The last occurrences of Trichodinium pia-
seckii and Senoniasphaera clavellii are recorded between 
ammonite fauna horizons M 25 and M 29, P. wheatley-
ensis and P. pectinatus Chronozones in Milne Land  
(Fig. 14; Piasecki 1996). This is in accordance with the 
type occurrences of the zonal index species in the North 
Sea region, UK (Bailey et al. 1997). The last consistent 
occurrence of O. patulum in Milne Land is a few metres 
above fauna M 25, P. wheatleyensis Zone.

Age. Early Volgian, Late Jurassic.

Organic matter. Abundant amorphous kerogen together 
with terrestrial organic material from higher land plants, 
especially sporomorphs and brown to black woody 
material, characterises the interval. The black woody 
material becomes more lath-shaped upwards in the suc-
cession. The presence of dinoflagellate cysts indicates a 
marine environment, and the dominance of AOM is sug-
gestive of oxygen-deficient bottom conditions.

5.6 Dorsoplanites primus Chronozone 
(and Pavlovia iatriensis and Pavlovia rugosa 
Chronozones; 97.00–79.74 m)
Fossils. The recognition of this zone(s) is based on its content 
of dinoflagellate cysts and ammonites. The base is placed 
below the lowest occurrence of Dorsoplanites ammonites 
(Table 1) at the lithostratigraphic boundary between the 
Bernbjerg and Lindemans Bugt Formations (97 m). The 
interval marks the first appearance of ammonites after 
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an interval barren of ammonites between 199.42 m and 
90.85 m. A crushed, medium-sized ammonite fragment at 
90.85 m, showing subdued ribbing with straight primaries 
and intercalated secondaries beginning on mid-flank and 
a gently sloping umbilical wall, is assigned to Dorsoplanites 
sp. (Fig. 10B; Table 1). A small fragment of a large speci-
men found at 89.30 m has straight, blunt distant ribs that 
bifurcate very high. The specimen is crushed but identi-
fied as the zonal index species D. primus by Callomon 
& Birkelund (1982; Fig. 10C; Table 1). In addition, mega- 
onychites – arm hooks of belemnites – are encountered 
(Fig. 15A; Table 1).

The palynomorph assemblage from one sample 
contains abundant dinoflagellate cysts: Cassiculos-
phaeridium magna and Leptodinium subtile and common 
Cribroperidinium spp., Paragonyaulacysta borealis, Sir-
miodinium grossii, Tubotuberella apatela, as well as the 
acritarch Pterospermella spp. The dinoflagellate cyst 
assemblage is relatively diverse and abundant, but chor-
ate dinoflagellate cysts are essentially absent.

Biostratigraphy. Dorsoplanites primus indicates the faunal 
horizon M 31 in Milne Land. The general appearance of 
the genus Dorsoplanites in the East Greenland ammonite 
succession is recorded in the D. primus Zone and ranges 
up to M 42 in the upper middle Volgian Crendonites angui-
nus Zone (Fig. 14; Callomon & Birkelund 1982). The first 
occurrence of Dorsoplanites encountered here agrees 
well with the presence of the D. primus Zone. Mega-ony-
chites are generally considered indicative of Upper Juras-
sic deposits, Kimmeridgian–Volgian strata, in the Arctic 
part of the Boreal Realm (Hammer et al. 2013). The lack 
of age-diagnostic fossils in the upper part of this interval 
leaves room for the presence of the P. iatriensis and P. 
rugosa Zones, which are thus indicated with caution. The 
dinoflagellate cysts Cassiculasphaeridium spp. have their 
maximum abundance in this interval. BioStrat (2018) 
reports a maximum occurrence of Cassiculasphaeridium 
spp. in the middle of the Subboreal P. pallasioides ammo-
nite Chronozone, which probably corresponds to the 
Boreal D. primus – P. iatriensis ammonite Chronozones 
(Callomon & Birkelund 1982).

Age. Earliest middle Volgian, Late Jurassic.

Organic matter. Abundant amorphous kerogen together 
with terrestrial organic material from higher land plants, 
especially sporomorphs and brown to black woody 
material, characterises the interval. Lath-shaped, black 
woody material is common. The presence of dinoflagel-
late cysts indicates a marine environment, and the dom-
inance of AOM is suggestive of oxygen-deficient bottom 
conditions.

5.7 Pavlovia communis Chronozone 
(79.74–74.20 m)
Fossils. The recognition of the zone is based on its content 
of dinoflagellate cysts and ammonites. The base is placed 
at the lowest appearance of Muderongia simplex. One 
ammonite is recorded in the interval (75.43 m; Table 1). 
The visible section of the ammonite shows coarse, bipli-
cate rursiradiate ribbing from a large form, resembling 
various species within the genus Pavlovia. It appears clos-
est to P. variocostata Callomon & Birkelund, characterised 
by a modification to subdued, irregular widely spaced 
and extremely coarse biplicate ribs in adult stage. Con-
sidering the restricted visible part, the present specimen 
is cautiously referred to as P. cf. variocostata (Fig. 10D).

The dinoflagellate cyst assemblage, based on one 
sample (79.74 m), contains Apteodinium spp., Cribroper-
idinium spp., Muderongia simplex, Sirmiodinium grossii, 
Paragonyaulacysta borealis and P. capillosa. The diversity 
of the assemblage is relatively high, whereas the abun-
dance is low. Chorate cysts are almost absent.

Biostratigraphy. In North-West Europe, the lowest 
appearance of common Muderongia simplex spp. is 
well established in the P. rotunda (ammonite) Zone 
(e.g. Riding & Thomas 1992; Riding et al. 2000). The P. 
rotunda Zone is correlated with the P. communis Zone 
(M 34 to M 35) in East Greenland (Fig. 14; Birkelund et 
al. 1984). The first appearance of Muderongia simplex is 
thus here considered to indicate the P. communis Zone. 
This agrees well with the presence of the ammonite P. 
cf. variocostata, recorded c. 4 m higher in the core. The 
ammonite indicates the M 35 faunal horizon, which lies 
in the upper part of the P. communis Zone (Fig. 14; Callo-
mon & Birkelund 1982). The appearance of Muderongia 
simplex in Milne Land occurs somewhat higher, in the 
faunal horizon M 46, in the C. anguinus ammonite zone 
(Piasecki 1996) corresponding to its highest common 
occurrence in North-West Europe (Riding et al. 2000).

Age. Middle Volgian, Late Jurassic.

Organic matter. Abundant amorphous kerogen together 
with terrestrial organic material from higher land plants, 

Fig. 15 Onychites in Rødryggen-1 core. A: mega-onychites, level 89.26 m, 
MGUH 34183. B: micro-onychites, level 62.43 m, MGUH 34188.
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mainly spores and pollen and brown to black woody 
material, characterises the interval. Lath-shaped, black 
woody material is common. The presence of dinoflagel-
late cysts indicates a marine environment, and the dom-
inance of AOM is suggestive of oxygen-deficient bottom 
conditions.

5.8 Dorsoplanites liostracus Chronozone  
(74.20–70.15 m)
Fossils. The base of this zone is placed at the occurrence 
of an ammonite specimen. No samples were analysed 
for dinoflagellate cysts within this interval. Two ammo-
nite specimens were found at closely spaced levels 
(Table 1). The lower ammonite, a large form, shows 
dense, subdued ribbing, with blunt primaries that divide 
almost in a fasciculate manner into 3–4 secondaries and 
intercalatories. The subdued ribbing somewhat resem-
bles, but does not exactly match, that of Dorsoplanites 
liostracus Callomon & Birkelund. The present specimen 
is thus tentatively referred to Dorsoplanites aff. liostracus 
(Fig. 10E). The higher specimen is a crushed fragment 
with slightly flexuous, relatively strong, blunt primary 
ribs and weak intercalating secondaries (Fig. 10F).  
This ribbing style resembles that of the much larger 
Pavlovia corona Callomon & Birkelund (1982, pl. 3, 
fig. 1). The present specimen is thus referred to P. cf. 
corona.

Biostratigraphy. Both P. aff. liostracus and P. cf. corona 
indicate the faunal horizon M37 in the upper part of the 
D. liostracus Zone (Fig. 14; Callomon & Birkelund 1982).
Age. Middle middle Volgian, Late Jurassic.
Organic matter. No palynological samples.

5.9 Dorsoplanites gracilis Chronozone 
(70.15–59.85 m)
Fossils. The base of this interval is placed at the lowest 
occurrence of the dinoflagellate cyst Lagenorhytis deli-
catula. The interval contains both ammonites and dino-
flagellate cysts. A few centimetres above the base of the 
zone, an ammonite fragment from an apparently evo-
lute form shows ornamentation with relatively distant 
ribs (Fig. 10G). Primaries are blunt, gently prorsiradiate 
and forward concave. Secondaries mostly intercalate 
and develop at mid-flank. Considering the presence of 
P. cf. corona in the underlying zone and E. cf. pseuda-
pertum in the overlying zone, the closest resembling 
ammonite forms are likely to be found in the Dorso-
planites gracilis group in the faunal horizons M 37 to 
M 42 and are assigned to the D. liostracus – E. pseuda-
pertum Zones, middle Volgian East Greenland (Spath 
1936; Callomon & Birkelund 1982). The ribbing pat-
tern of the present specimen resembles the ‘indistinct’ 

pattern of Dorsoplanites jamesoni Spath (1936, pl. 29, 
fig. 3). Additional fossils include a crushed indetermi-
nate ammonite, a poorly preserved recrystallised bel-
emnite rostrum and small onychites (Fig. 15B; Table 1). 
The dinoflagellate cyst assemblage is relatively diverse 
and moderately abundant. It is dominated by Lageno-
rhytis delicatula, the acritarch Pterospermella spp. and 
Cribroperidinium spp. Chorate cysts are absent.

Biostratigraphy. The exact assignment of the species 
Dorsoplanites jamesoni to a faunal horizon remains, but 
it probably belongs to the upper part of the D. graci-
lis Zone and possibly the M 40 faunal horizon (Fig. 14; 
Birkelund et al. 1984). 

The first appearance of Lagenorhytis delicatula is just 
below the occurrence of the ammonite Dorsoplanites 
jamesoni at 70.06 m. L. delicatula is generally assigned 
a Lower Cretaceous range (Costa & Davey 1992) and 
is also present here in Ryazanian strata higher in the 
core. Hence, its first appearance in the middle Volgian D. 
gracilis Zone and consistent presence into the overlying 
Ryazanian are surprising, and its first occurrence in the 
middle Volgian potentially represents an excellent local 
marker event.

Age. Middle middle Volgian, Late Jurassic.

Organic matter. The interval is characterised by abun-
dant amorphous kerogen, together with limited ter-
restrial organic material, mainly as spores and pollen, 
black woody material and carbonised, rounded grains. 
The presence of dinoflagellate cysts indicates a marine 
environment, and the dominance of AOM is suggestive 
of oxygen-deficient bottom conditions.

5.10 Epipallasiceras pseudapertum 
Chronozone (59.85–54.53 m)
Fossils. The base of this zone is placed at the upper-
most occurrence of Leptodinium subtile. The interval 
contains both ammonites and dinoflagellate cysts. A 
small ammonite with well-preserved, relatively distant 
ribbing has strong, straight, prorsiradiate primaries that  
divide rather high up on the flank into two secondar-
ies (Fig. 10H). It resembles Epipallasiceras pseudapertum 
Spath (1936; pl. 9, fig. 4) and is cautiously referred to 
E. cf. pseudapertum. A level less than one metre higher 
contains another, but poorly preserved and indetermi-
nate, ammonite (Table 1).

The dinoflagellate cyst assemblage, based on three 
samples, is abundant and diverse. It is dominated by 
Cribroperidinium spp. with common Lagenorhytis del-
icatula and Apteodinium daveyi in the lower part. Rare, 
small and poorly preserved Gochteodinia villosa villosa 
and Gochteodinia spp. occur at 56.88 m but are not 
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recorded in any samples above until 37.71 m, in the Sub-
craspedites primitivus Zone (upper Volgian). Chorate and 
cavate cysts are rare in the lower sample and slightly 
more common in the upper sample.

Biostratigraphy. The ammonite indicates the M-42 faunal 
horizon and is the index of the middle Volgian E. pseu-
dapertum Zone (Fig. 14). This is in good biostratigraphic 
accordance with the record of the uppermost occurrence 
of the dinoflagellate cyst L. subtile, which is a well-known 
marker from North-West Europe, where it has its high-
est occurrence in the P. albani Zone (Riding & Thomas 
1992). The upper P. albani Zone is correlated with the 
E. pseudapertum Zone in the East Greenland ammonite 
zonation (Birkelund et al. 1984). The first appearances of 
Perisseiasphaeridium insolitum and Apteodinium daveyi at 
59.85 m are slightly earlier than the recorded first occur-
rence of both species in the Galbanites okusensis – G. 
kerberus ammonite zones in England (Davey 1982). The 
dinoflagellate cyst assemblage (59.85–55.88 m) is dom-
inated by Cribroperidinium spp. but becomes poorer 
upwards.

Age. Middle middle Volgian, Late Jurassic.

Organic matter. This interval records a significant change 
to a low content of organic matter in general, espe-
cially of terrestrial woody material; this shift appears in 
the lower E. pseudapertum Chronozone and continues 
upwards to the Subcraspedites primitivus Chronozone 
in the upper Volgian. This is combined with low abun-
dance and diversity of the dinoflagellate cysts assem-
blage. A fully marine environment is indicated by the 
fossil record.

5.11 Laugeites groenlandicus Chronozone  
(54.53–50.14 m)
Fossils. The zone is recognised by its ammonite assem-
blage, whereas the dinoflagellate cyst assemblage is 
impoverished and poorly preserved. Acritarchs are 
present but have little stratigraphic value. The base of 
the zone is placed at the lowest occurrence of a possible 
Laugeites ammonite (54.53 m), a few centimetres below 
a fragment of an apparently very large Laugeites (Table 1). 
The latter is characterised by straight, strong and distant 
primary ribs, which begin sharp but appear to become 
blunt and flatten on or towards the (mid?-)flank (Fig. 
10I). It resembles Laugeites biplicatus Mesezhnikov fig-
ured by Repin et al. (2006), although that specimen is 
somewhat different from the holotype established by 
Mesezhnikov (in Zakharov & Mesezhnikov 1974). Con-
sidering its fragmented nature, the specimen from the 
core is cautiously referred to L. cf. biplicatus. Further lev-
els with ammonites include L. cf. intermedius Donovan, 

another L. cf. biplicatus and L. cf. planus Mesezhnikov 
(in Zakharov & Mesezhnikov 1974; Table 1). The for-
mer closely resembles the specimen figured by Dono-
van (1964, pl. 1, fig. 5) from Laugeites Ravine, Kuhn Ø  
(Fig. 10J). The second is a fragment with distant, low, 
blunt ribs, which resembles the ornamentation on the 
mid-flank in the outer whorls of Laugeites biplicatus as 
seen in, for example, Repin et al. (2006, pl. 47, fig. 2) and 
Rogov (2010, pl. 4, fig. 6). The latter is a complete, small 
juvenile (?) specimen with relatively high whorl sides and 
narrow umbilicus, very dense and delicate ribbing with 
more than 31 primaries per whorl that divide or bifurcate 
almost immediately or low on the flank into dense and 
fine secondaries (Fig. 10K). Ribbing is slightly concave. 
By comparison with material figured by Donovan (1964) 
and Surlyk et al. (1973), the specimen is referred to the 
genus Laugeites, which is characterised as being smaller, 
more compressed and more delicately ribbed than its 
predecessor Dorsoplanites (see discussion in description 
of Dorsoplanites intermissus in Callomon & Birkelund 
1982, appendix, p. 368). L. parvus Donovan and other 
Greenland Laugeites closely resemble the specimen but 
have more forward-leaning ribs, whereas the ribbing 
on the present specimen is almost radiate. The closest 
resemblance of our specimen is with Laugeites planus 
Mesezhnikov (in Zakharov & Mesezhnikov 1974) from 
subarctic Urals, Russia. In addition, the interval contains 
indeterminate, crushed ammonite fragments and apty-
chi (Table 1).

The dinoflagellate cyst assemblage (samples from 
54.31–50.53 m) is poor in the lower part of the zone with 
common Apteodinium, Cribroperidinium and Lagenorhy-
tis. The acritarchs Cymatiosphaera, Veryhachium, Ptero-
spermella, Leiosphaeridia and the prasinophyte algae 
Tasmanites occur scattered amongst the dinoflagellate 
cysts and become common in the upper part of the zone 
where dinoflagellate cysts disappear.

Biostratigraphy. In North-East Greenland, the genus 
Laugeites is restricted to the M 47 faunal horizon in the 
Laugeites groenlandicus Zone (Fig. 14; Spath 1936; Don-
ovan 1964; Surlyk 1978; Callomon & Birkelund 1982). 
The present records of L. cf. planus and L. cf. biplicatus 
are new for Greenland, where L. groenlandicus (Spath 
1936), L. parvus Donovan (1964) and L. intermedius Don-
ovan (1964) had been recorded previously. L. biplicatus 
indicates the Epivirgatites nikitini Zone in Russia, which is 
correlative to the upper part of the Laugeites groenlandi-
cus Zone and the overlying Epilaugeites vogulicus Zone 
sensu Surlyk (1978), i.e. M 47 and higher levels (Rogov 
2010, 2020). In the Rødryggen-1 core, L. cf. biplicatus 
occurs below L. cf. planus, which indicates the Laugeites 
groenlandicus Zone and M 47 faunal horizon; this delim-
its the occurrence of L. cf. biplicatus in the core to the 
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L. groenlandicus Zone. Note that Kelly et al. (2015) and 
Rogov (2020), based on observations of the ammonite 
faunal succession in Perisphinctes Ravine, eastern Kuhn 
Ø (Fig. 2), added another faunal horizon, the L. lambecki 
horizon, above the M 47 Laugeites groenlandicus hori-
zon, to the L. groenlandicus Zone. However, Callomon 
& Birkelund (1982) argued that the Laugeites fauna 
recorded in the northern Wollaston Forland and Kuhn 
Ø areas by Donovan (1964) and Surlyk (1978) represents 
the higher part of the L. groenlandicus Zone. It seems 
more justified to introduce a L. parvus horizon, based 
on Donovan’s and Surlyk’s documentation of the fauna, 
above the M 47 horizon, rather than an L. lambecki hori-
zon and zone.

The absence of Crendonites anguinus Zone fossils is 
not necessarily attributed to a hiatus, given that there 
are no sedimentological or depositional signs of ero-
sion. The zone is thus considered not proven in the core, 
either due to the low sample density or due to low sed-
imentation rates.

Age. Late middle Volgian.

Organic matter. The interval contains very little organic 
matter with few or no dinoflagellate cysts. Despite the 
dominance of acritarchs and terrestrial organic mate-
rial, the presence of ammonites testifies to continued 
fully marine conditions.

5.12 Praechetaites exoticus Chronozone 
(50.14–45.37 m)
Fossils. The zone is recognised by its ammonite assem-
blage, whereas the dinoflagellate cyst assemblage is 
poor and poorly preserved. Acritarchs are present but 
have little stratigraphic value. The interval is relatively 
rich in macrofossils containing several ammonites, var-
ious bivalves, including Buchia, and ammonite aptychi. 
The base is placed at 50.14 m, at the occurrence of a 
crushed ammonite fragment with relatively distant, low, 
sharp, primary ribs that divide into three closely spaced 
low, sharp, secondary ribs (Table 1). The ornamentation 
is close to that in inner–middle whorls of Praechetaites 
exoticus (Shulgina) as illustrated in, for example, Shulgina 
(1967, pl. 1, fig. 1b). An ammonite occurring c. 1.5 m 
higher is a fragment, probably from mid-flank, with very 
faint ribbing of distant primaries that are very low, almost 
smooth, developing into faint secondaries and intercala-
tories (Fig. 10L) similar to ornamentation in the mid-flank 
of Praechetaites exoticus (Shulgina; e.g. Shulgina 1967, pl. 
4, fig. 1; Rogov 2010, pl. 6, fig. 5). A few centimetres higher 
in the core, another ammonite fragment has low, wide, 
relatively sharp crested ribs that appear to develop into 
faint sheaves of very fine lirae-like secondaries (Fig. 10M), 
resembling the ornamentation observed in Praechetaites 

exoticus (Shulgina; e.g. Shulgina 1967, pl. 4, fig. 1). Consid-
ering their preservation, the fragments are with some cau-
tion referred to Praechetaites cf. exoticus (Shulgina). Two 
additional ammonites are indeterminate fragments, one 
of them possibly also belonging to the genus Praechetaites  
(Fig. 10N; Table 1). 

The dinoflagellate cyst assemblage varies from bar-
ren to poor. Reworked specimens become more com-
mon, with specimens of Wanaea and Nannoceratopsis. 
Acritarchs are present in all samples, for example, Fro-
mea, Pterospermella and Leiosphaeridia.

Biostratigraphy. P. exoticus is the index species of the 
Northern Siberian P. exoticus Zone. Its presence in 
Greenland closely above the L. groenlandicus Zone does 
not leave much room for the Epilaugeites vogulicus Zone 
that supposedly overlies the Laugeites groenlandicus 
Zone (Fig. 14; Surlyk 1978). It could thus be that the  
P. exoticus and E. vogulicus Zones may be time-equiva-
lent correlatives. However, since representatives of the 
two zones were so far not found together, it remains 
uncertain whether P. exoticus occurs in the E. vogulicus 
Zone in Greenland and thus would link the Russian and 
Greenland zones, or whether the P. exoticus Zone may 
represent a level in between the L. greenlandicus Zone 
and the E. vogulicus Zone. Rogov (2010, 2020) correlated 
the P. exoticus Zone to both the E. vogulicus Zone and 
the P. tenuicostatus Zone or beds in Greenland. Rogov & 
Zakharov (2011) noted that the specimens of E. vogulicus 
from Greenland (Surlyk et al. 1973; Surlyk 1978) differ 
from ‘true’ E. vogulicus in Siberia (Ilovaisky 1917; Mikhai-
lov 1966; Zakharov & Mesezhnikov 1974). Accordingly, 
the Greenland records were referred to a new species, 
E. surlyki Rogov (2020), which thus also becomes index 
for the E. surlyki Zone in Greenland.

Age. Latest middle Volgian. It should be noted, however, 
that there is disagreement amongst Russian ammonite 
stratigraphers about whether the P. exoticus Zone should 
be attributed to the uppermost middle or the lowermost 
upper Volgian (Meledina et al. 2010; Rogov & Zakharov 
2011). The unit was originally introduced as a subzone 
in the lowest part of the Craspedites okensis Zone (upper 
Volgian), whereas the ammonite succession in the Juras-
sic–Cretaceous boundary key section at Nordvik sug-
gests that the P. exoticus Zone should be referred to the 
uppermost middle Volgian (e.g. Zakharov & Rogov 2006, 
2008; Rogov & Zakharov 2009, 2011; Rogov 2020).

Organic matter. The interval has a very low organic 
content. Marine palynomorphs are rare or absent, 
although acritarchs are present. They contain a limited 
component of terrestrial organic material, mostly spo-
romorphs and unstructured organic material. Woody 
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material is mostly carbonised and degraded to small 
angular fragments. Although the palynomorphs provide 
a predominantly terrestrial signal, ammonites are pres-
ent indicating a fully marine environment.

5.13 Subcraspedites primitivus Chronozone 
(45.37–37.49 m) and lowermost Gochteodinia 
villosa villosa Zone (NEG Cr 1; 37.71–37.49 m)
Fossils. The interval is recognised from its ammonite and 
dinoflagellate cyst content. The base of the S. primitivus 
Zone is located at the occurrence of an ammonite frag-
ment showing strong, distant, bullate primaries that divide 
into somewhat weak secondaries (Fig. 10P; Table 1). These 
sets of secondaries are intercalated with weak ribs that 
start at a level equal to the furcation level of the primaries, 
resulting in an appearance of distant primaries and dense 
secondaries and intercalatories. The bullate primaries are 
forward-leaning, whereas the rear secondary in the rib sets 
is relatively rectiradiate on the mid-flank before leaning 
forward towards the ventral shoulder. This gives a sinuous 
appearance of the ornamentation. The closest resemblance 
is found outside Greenland in the taxon Subcraspedites 
(Swinnertonia) subundulatus, known from England (Casey 
1973). It has similar distant primaries and dense second-
aries with a sinuous appearance. The limited material only 
allows cautious reference to S. (S.) cf. subundulatus. Another 
fragment of a small ammonite, a couple of metres higher 
in the core, shows dense, fine, delicate parallel ribbing  
(Fig. 10Q; Table 1). Its reference to Subcraspedites (Swinner-
tonia) sp. juv. rests both on the other specimen described 
from the zone and on comparison with the similarly finely 
ribbed juvenile Subcraspedites (Swinnertonia) sp. juv. from 
England (Casey 1973, pl. 4). In addition, the interval con-
tained another ammonite fragment, poorly preserved and 
not sampled, and a Buchia bivalve.

Dinoflagellate cysts are rare or absent. Relatively 
common taxa are Apteodinium daveyi, Cribroperidinium 
spp., Cassiculosphaeridium magnum and Sirmiodnium 
grossii. Other species are present but very rare in one 
or two samples, whereas acritarchs, especially Pteros-
permella spp., are common to abundant in a thin inter-
val (40.62–38.28 m). Stratigraphically significant species 
are generally missing, but the appearance of Gochteo-
dinia villosa villosa in the S. primitivus Chronozone indi-
cates the lower boundary of the G. villosa villosa Zone 
(NEG Cr 1; Nøhr-Hansen et al. 2020) and is followed by 
consistent G. villosa villosa in higher strata. This event 
is stratigraphically slightly higher (one ammonite zone) 
than the reported first appearances in the Subboreal 
region (Paracraspedites oppressus Zone; e.g. Woollam & 
Riding 1983), but, in contrast, the odd occurrence of rare 
G. villosa villosa mentioned above in the E. pseudapertum 
Chronozone (59.85–54.53 m) is much lower. From the 
Russian Platform, Riding et al. (1999) report the first 

appearance of rare G. villosa in the Kachpurites fulgens 
ammonite Zone, which they correlate with the Subcras-
pedites preplicomphalus Ammonite Zone of North-West 
Europe (Rogov 2020).

Presumed reworked dinoflagellate cysts are 
present, for example, Ambonosphaera staffinensis, 
Gonyaulacysta jurassica, Endoscrinium galeritum, Nan-
noceratopsis sp., Pareodinia halosa and Taeniaesporites 
iunctispina, mostly derived from Oxfordian–Kimmerid-
gian strata.

Biostratigraphy. Subcraspedites (Swinnertonia) subundula-
tus occurs in the upper Volgian Subcraspedites (Swinner-
tonia) primitivus Zone in England (Casey 1973, pl. 4, fig. 
1). That zone is now adopted in the East Greenland zona-
tion (Fig. 14). The upper Volgian is poorly represented by 
ammonites in Greenland, and the Upper Jurassic key sec-
tion in Milne Land has a hiatus between the middle Volgian 
Epilaugeites surlyki Zone and the lower Valanginian (Cal-
lomon & Birkelund 1982). A more complete Volgian suc-
cession appears to occur in the Wollaston Forland area. 
In addition to the S. primitivus Zone recorded here in the 
Rødryggen-1 core, Rogov (2010, 2020) recognised Supra-
craspedites sowerbyi in the faunal succession, presumably 
in the CASP collection from Perisphinctes Ravine, east-
ern Kuhn Ø (Fig. 2; Kelly et al. 2015). The specimens were 
assigned to ‘Beds with S. sowerbyi’. The species as such 
indicates the S. preplicompalus Zone in England, where it 
overlies the S. primitivus Zone (Casey 1973). Rogov (2010, 
2020) also identified beds with Chetaites chetae overlying 
Subcraspedites sowerbyi. The upper Volgian may thus pos-
sibly be subdivided into S. primitivus – S. preplicomphalus –  
C. chetae zones. The Gochteodinia villosa villosa Zone 
(Nøhr-Hansen et al. 2020) is revised. The lower boundary 
is now defined by the first occurrence of common pres-
ence G. villosa villosa. It was previously defined by the first 
occurrence of the taxon, but random records of G. villosa 
villosa stratigraphically lower than the G. villosa villosa 
Zone in the East Greenland successions makes the for-
mer definition inaccurate.

Age. Late Volgian.

Organic matter. The organic content is low, and terrestrial 
woody material is rare. The diversity and abundance of 
marine plankton is low in this zone and becomes signifi-
cantly reduced up through the zone; the lowest content 
is recorded in the uppermost sample (38.28 m).

5.14 Praetollia maynci Chronozone and lower 
Gochteodinia villosa villosa Zone (NEG Cr 1; 
37.49–27.73 m)
Fossils. The interval is recognised from its ammonite and 
dinoflagellate cyst content. The base of the zone is placed 
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at the occurrence of an ammonite fragment (37.49 m) with 
delicate, low, sharp, slightly sinuous ribs (Fig. 10R; Table 1). 
Its ornamentation resembles Praetollia maynci Spath as 
illustrated in, for example, Spath (1952) and Surlyk (1978, pl. 
5, fig. 1). A Buchia bivalve was also recorded in this interval.

Four samples with abundant and diverse dinoflagellate 
cysts assemblages are placed in this ammonite chronozone. 
Sirmiodinium grossi and Cribroperidinium spp. dominate the 
assemblage together with common Cassiculosphaeridium 
magnum, Gochteodinia villosa villosa and Paragonyaulacysta 
borealis. The acritarch Pterospermella spp. is common. Ist-
mocystis distincta appears for the first time at 35.02 m, and 
Canningia compta, Scriniodinium pharo and Palaecysta pal-
mula have their first appearances higher in the zone.

Biostratigraphy. P. maynci is the index species of the P. 
maynci Zone (Fig. 14). The base of the Ryazanian is the 
base of the Cretaceous in a Boreal sense. However, a 
formally chosen base of the Cretaceous, in terms of the 
global boundary stratotype section and point (GSSP) 
of the Berriasian stage in the Tethyan Realm, is yet to 
be defined. It has recently been proposed to take the 
base of the Calpionella alpina calpionellid Zone as the 
boundary, which would most probably correlate to the 
Russian Taimyroceras taimyrensis and C. nodiger zones 
and the English S. lamplughi Zone in the Boreal upper 
Volgian stage (Gale et al. 2020; Wimbledon et al. 2020).

Age. Earliest Ryazanian, Early Cretaceous.

Organic matter. The organic content is low, and terres-
trial woody material is rare. In contrast, the dinoflagel-
late cyst assemblage is rich and diverse, in contrast to 
the poor assemblages in the underlying S. primitivus 
Chronozone, and indicates fully marine conditions.

5.15 Hectoroceras kochi Chronozone and lower 
Gochteodinia villosa villosa Zone (NEG Cr 1; 
27.73–25.82 m)
Fossils. The interval is recognised from its ammonite 
and dinoflagellate cyst content. An ammonite with ribs 
that radiate from a very narrow umbilicus indicates 
pronounced involuteness (Fig. 10S; Table 1). Primaries 
divide into two secondaries and bend forward from the 
level of furcation. This ornamentation and the narrow 
umbilicus characterise the genus Hectoroceras, and the 
specimen is referred to Hectoroceras sp.

Regarding the dinoflagellate cysts (one sample), 
Palaecysta palmula dominates the unit. The acritarch 
Pterospermella spp. is common. The assemblage is rela-
tively diverse and abundant.

Biostratigraphy. Species of the ammonite genus Hectoro-
ceras are only recorded in the Hectoroceras kochi Zone  

(Fig. 14; Wright et al. 1996). The base of the zone is placed 
at the ammonite in the core at 27.73 m. The top of the 
zone is based at the last occurrence of Rotosphaeropsis 
thule (G. villosa Zone, top of DSK1 Subzone; Poulsen & Rid-
ing 2003). Palaecysta palmula appears in the top of the H. 
kochi Zone of the North-West European Subboreal ammo-
nite zonation (Riding & Thomas 1992). In the Rødryggen-1 
core, P. palmula appears just above the ammonite. The P. 
maynci and H. kochi ammonite zones correlate with the 
lower G. villosa villosa Zone (Nøhr-Hansen et al. 2020).

The Hectoroceras kochi Zone is the highest ammonite 
zone identified and is correlated with the dinoflagellate 
cyst stratigraphy in this core. Alsen (2006) identified 
ammonites and ammonite zones in the Albrechts Bugt 
Member in sections near the Rødryggen-1 core. Due to 
solifluction in the outcrop sections, precise correlation 
with the core is not possible. Correlation of the dinofla-
gellate cyst stratigraphy with local ammonite stratigra-
phy in the upper Ryazanian to Valanginian is therefore 
beyond the scope of this study. The Ryazanian fauna is 
strictly Boreal, whereas the Valanginian fauna comprises 
Tethyan, Subboreal and Boreal elements (Alsen 2006).

Age. Latest early Ryazanian, Early Cretaceous.

Organic matter. The organic content is low. Degraded 
organic material dominates, terrestrial material is repre-
sented by sporomorphs and woody material is very rare. 
The fossil record testifies to a fully marine environment.

5.16 Upper Gochteodinia villosa villosa Zone 
(NEG Cr 1; 25.82–17.82 m)
Fossils. The interval is recognised based on its content of 
dinoflagellate cysts from the last occurrence of R. thule at 
25.82 m to the first appearance of Oligosphaeridium com-
plex at 17.82 m. The last occurrences of Paragonyaulacysta 
borealis and P. capillosa are in this interval. Epiplosphaera 
spp., Heterosphaeridium? spp., Sirmiodinium grossii, Palae-
cysta palmula and Systematophora daveyi dominate this 
unit locally. The assemblage is relatively diverse and 
abundant in the lower part but becomes poorer in the 
upper part. This change is associated with a significant 
depositional shift from black shale to calcareous mud-
stone, probably reflecting a shift to more oxygen-rich 
bottom conditions.

Biostratigraphy. R. thule has its last occurrence in the 
H. kochi Zone of the Subboreal ammonite zonation in 
North-West Europe (Riding & Thomas 1992; BioStrat 
2018). O. complex appears for the first time at the Ryaza-
nian–Valanginian boundary in North-West Europe (Rid-
ing & Thomas 1992) and in the Peregrinoceras albidum 
Zone, uppermost Ryazanian, on Store Koldewey, North-
East Greenland (Nøhr-Hansen et al. 2020).
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Age. Late Ryazanian, Early Cretaceous.

Organic matter. The organic content is very low and 
totally dominated by black, rounded grains, probably 
reflecting strongly oxidising bottom conditions. The 
presence of marine plankton, however, is indicative of a 
fully marine environment.

5.17 Lower Oligosphaeridium complex Zone 
(NEG Cr 2; 17.82–10.17 m)
Fossils. The interval is recognised based on its content 
of dinoflagellate cysts in the succession from the first 
appearance of Oligosphaeridium complex (15.85 m) to 
the first occurrence of Nelchinopsis kostromiensis. Oligo-
sphaeridium complex, Oligosphaeridium spp. and Epiplos-
phaera spp. dominate the assemblage. The assemblage 
is relatively diverse and abundant in the lower part but 
becomes poorer upwards.

The interval is also represented by two samples ana-
lysed for calcareous nannofossils (at 16.6 and 13.82 m).  
The low diversity assemblage in the lower sample is dom-
inated by Watznaueria barnesiae. Watznaueria fossacincta 
and Crucibiscutum salebrosum are also common. In addi-
tion, Watznaueria britannica, Watznaueria ovata, Retecapsa 
schizobrachiata, Retecapsa crenulata, Rotelapillus crenulatus, 
Sollasites horticus, Staurolithites stradneri, Assipetra infracre-
tacea, Tegumentum stradneri, Rhagodiscus asper, Zeugrhab-
dotus fissus and Nannoconus concavus are present. The 
upper sample has an assemblage dominated by Crucibis-
cutum salebrosum and Watznaueria barnesiae. Also present 
are Assipetra infracretacea, Diazomatolithus lehmanii, Rete-
capsa crenulate, Rhagodiscus asper, Watznaueria fossacincta, 
Watznaueria britannica, Watznaueria manivitiae, Retecapsa 
angustiforata, Zeugrhabdotus embergeri, Cyclagelosphaera 
margerelii, Staurolithites stradneri, Stradnerlithus silvaradius, 
Tegumentum stradneri, Zeugrhabdotus erectus, Tripinnilithus 
shetlandensis, Zeugrhabdotus fissus and Thoracosphaera spp.

Biostratigraphy. O. complex appears for the first time at 
the Ryazanian–Valanginian boundary in north-western 
Europe (Riding & Thomas 1992), and in the top Ryazanian 
of North-East Greenland, Peregrinoceras albidum Zone (Ste-
fan Piasecki unpublished data). The highest occurrence of 
Gochteodinia villosa villosa and Palaecysta palmula is in the 
lower Valanginian (Davey 1982; Riding & Thomas 1992). 
Poulsen & Riding (2003) correlate the last occurrence 
of G. villosa villosa with the top of the P. albidum Zone in 
North-West Europe, but this taxon is present into the lower 
Valanginian in the Rødryggen-1 core. The highest occur-
rence of Palaecysta palmula is at the top of the Paratollia 
Zone, upper lower Valanginian, in North-West Europe 
(Costa & Davey 1992) and at the top of the ‘EKZ6 zone’ in 
BioStrat (2018; mid-lower Valanginian). Nelchinopsis kostro-
miensis is first recorded at 10.17 m, corresponding to the 

last occurrence of P. palmula (Costa & Davey 1992). How-
ever, in North-East Greenland, N. kostromiensis occurs for 
the first time in the upper Valanginian (Nøhr-Hansen et al. 
2020). The calcareous nannofossil stratigraphy agrees fairly 
well with the palynostratigraphy. It indicates late Ryazanian 
to early Valanginian ages from high abundances of C. sales-
brosum and Watznaueria spp. co-occuring with S. horticus in 
the upper Ryazanian to lower Valanginian of the North Sea 
area (Jeremiah 2001) and offshore mid-Norway (Mutterlose 
& Kessels 2000). R. crenulata has its first occurrence in the 
upper upper Ryazanian (Jakubowski 1987). The presence of 
Nannoconus concavus and Tripinnilithus shetlandensis in the 
absence of Micrantholithus speetonensis indicates the lower 
Valanginian nannofossil subzone BC3b (Bown et al. 1998). 
Pauly et al. (2012a) documented the first occurence (FO) of 
Crucibiscutum spp., Rhagodiscus asper and Watznaueria spp. 
in the upper Ryazanian of North-East Greenland.

Age. Early Valanginian, Early Cretaceous.

Organic matter. The organic content is very low. The pres-
ence of marine plankton, albeit scarce, indicates marine 
conditions. The organic terrestrial material is heavily oxi-
dised into carbonised, angular to rounded black grains.

5.18 Upper Oligosphaeridium complex zone 
(NEG Cr 2; 10.17–1.10 m)
Fossils. The interval is recognised based on its content of 
dinoflagellate cysts. The base is placed at the first occur-
rence of Nelchinopsis kostromiensis (10.17 m), followed by 
the last occurrences of Palaecysta palmula (9.00 m) and G. 
villosa villosa (6.59 m), and the highest record of Lagenorhy-
tis delicatula (1.10 m). The top of the zone is not recorded.

The dinoflagellate cyst assemblage is very poor, and 
the presence or absence of several species may reflect 
random occurrences. However, Oligosphaeridium com-
plex dominates the assemblage, and Cassiculosphaerid-
ium magnum, Circulodinium distinctum, Epiplosphaera 
spp. and Downiesphaeridium tribuliferum are common 
locally. The dinoflagellate cysts are fairly well preserved 
but constitute a very small fraction of the organic matter.

The interval also contains one sample analysed for its 
calcareous nannofossil content. The nannofossil assem-
blage has a low diversity dominated by Watznaueria 
barnesiae. Also present are Watznaueria fossacincta, Cal-
culites? sp.1, Tranolithus gabalus, Staurolithites stradneri, 
Rhagodiscus asper, Watznaueria britannica and Thoracos-
phaera spp. C. salesbrosum is absent.

Biostratigraphy. The occurrence of Nelchinopsis kostromien-
sis indicates a late Valanginian age based on reports from 
the Arctic (Davies 1983; Nøhr-Hansen et al. 2020; Ingrams 
et al. 2021) in contrast to North-West Europe where it 
appears in lower Valanginian strata (e.g. Heilmann-Clausen 
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& Birkelund 1987; Costa & Davey 1992; BioStrat 2018). The 
last occurrences of Gochteodinia villosa villosa and P. palmula 
and the continuous presence of Lagenorhytis delicatula in 
the uppermost core sample may suggest upper Valangin-
ian strata as recorded in North-West Europe (Davey 1982; 
Riding & Thomas 1992).

The calcareous nannofossils T. gabalus, R. asper and 
Watznaueria spp. range from the upper Ryazanian in the 
North Sea (Jakubowski 1987; Jeremiah 2001), North-East 
Greenland (Pauly et al. 2012a) and off mid-Norway in the 
northern North Atlantic (Mutterlose & Kessels 2000). Cal-
culites? sp.1 was described in Bown et al. (1998) as rang-
ing from the Early Hauterivian? to the Early? Barremian, 
albeit in Tunisia and Bulgaria. Of note is the absence of 

C. salesbrosum. In North-East Greenland, this species has 
its last appearance datum in the late Hauterivian (Pauly 
et al. 2012a) and a little later in the North Sea (Jakubowski 
1987). However, the absence of this species is probably 
an artefact of preservation, since the age suggested by 
its apparent absence is too young compared with the pal-
ynostratigraphy of the interval, as well as the ammonite 
stratigraphy obtained in an outcrop study of the Albrechts 
Bugt Member at the drill site (Alsen 2006).

Age. Late Valanginian, Early Cretaceous.

Organic matter. The interval is characterised by a low 
organic content with little marine plankton and no 

Fig. 16 The ranges of key dinoflagellate cyst taxa in the Brorson Halvø-1 core. The dinoflagellate species are arranged according to the succession 
of their lowest occurrences. Question mark (?): uncertainty in taxonomic identification. R: reworked or redeposited. A range chart showing all taxa 
recorded in the core is available in Supplementary Data File 2. H-EB: Hauterivian – Early Barremian. LeR: Latest early Ryazanian. BL-NK: B. longicornu-
tum Zone – N. kostromiensis Subzone. E.: early. M.: middle.
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recognisable terrestrial organic material. Marine condi-
tions are indicated by the macrofauna and calcareous 
flora.

6. Biostratigraphy of the Brorson 
Halvø-1 core
The biostratigraphic subdivision of the Brorson Halvø-1 
core is described from TD at 225.7 m upwards. The loca-
tion of bulk-rock samples is seen in the charts, illustrat-
ing the distributions and ranges of dinoflagellate cyst 
and calcareous nannofossil taxa (Figs 16, 17). Selected 
dinoflagellate cysts are figured in Fig. 13.

6.1 Aulacostephanus eudoxus Chronozone 
(225.7 m (TD) – 195.73 m)
Fossils. The recognition of the zone is based on the dino-
flagellate cyst record. The base of the zone is placed at 
the base of the core (at TD 225.7 m). The dinoflagellate 
cyst assemblage is generally poor, and dinoflagellate 
cysts are not common; Gonyaulacysta jurassica, G. dua-
lis, Sirmiodinium grossii and Scriniodinium irregulare are 
locally common. Perisseiasphaeridium pannosum is rare 
to common, but not as abundant as normally recorded 
in East Greenland.

Biostratigraphy. P. pannosum occurs in the lowermost 
analysed sample at 225.88 m and is common at the top, 
at 195.73 m, where it coincides with the appearance of 
common to abundant Oligosphaeridium patulum. This 

indicates an interval corresponding to the ammonite 
horizons M 20 – M 22, A. eudoxus Zone (Piasecki 1996). 
No other recorded dinoflagellate cysts indicate correla-
tion to zones below the A. eudoxus Chronozone, and the 
succession correlates, therefore, with the A. eudoxus 
Chronozone. The dinoflagellate cysts Atopodinium 
haromense, Dingodinium minutum, Nannoceratopsis pelu-
cida, Paragonyaulacysta capillosa and Taeniophora iunc-
tispina occur scattered throughout this zone.

Age. Kimmeridgian, Late Jurassic.

Organic matter. Amorphous kerogene dominates 
together with terrestrial, organic material from higher 
land plants, especially sporomorphs and black woody 
material. The woody material is physically degraded to 
rounded and angular grains in the lower levels of the 
succession; the grains become lath-shaped and larger 
upwards. The presence of dinoflagellate cysts indicates 
a marine environment, and the dominance of AOM is 
suggestive of oxygen-deficient bottom conditions.

Remarks. The interpreted late Kimmeridgian age at 
the base of the well agrees with the find of an ammo-
nite in a measured outcrop section, c. 200 m below  
the Albrechts Bugt Member, Palnatokes Bjerg Formation 
(M. Bjerager, pers. comm. 2022). The ammonite is iden-
tified as Amoeboceras subkitchini from the upper lower 
Kimmeridgian Rasenia cymodoce Zone (Figs 14, 18).

Fig. 17 The distribution of calcareous nannofossils in the Brorson Halvø-1 core.
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6.2 Aulacostephanus autissiodorensis 
Chronozone (195.73–149.83 m)
Fossils. The recognition of the zone is based on its dinofla-
gellate cyst record. The base of the zone is placed at the 
first appearance of common to abundant Oligosphaerid-
ium patulum (195.73 m) and its top at the first appearance 
of Trichodinium piaseckii coincident with the last occur-
rence of Cribroperidinium complexum (149.83 m).

The dinoflagellate cyst assemblage is generally poor 
but is characterised by common to abundant Oligos-
phaeridium patulum and Paragonyaulacysta capillosa. 
Atopodinium spp., Circulodinium spp., Pareodinia spp. and 
Sirmiodinium grossii are common locally. The assemblage 
is mostly of low diversity and low abundance, probably 
due to the abundance of organic matter in the samples.

Biostratigraphy. Common to abundant O. patulum 
appears between ammonite horizons M 22 – M 23 in 
Milne Land near the boundary between the A. eudoxus 
and A. autissiodorensis Zones (Piasecki 1996; Alsen & Pia-
secki 2018). T. piaseckii appears below ammonite fauna 
horizon M 25, P. wheatleyensis Zone (Piasecki 1996). The 
succession is, therefore, correlated with the A. autis-
siodorensis and P. elegans Zones.

Age. Kimmeridgian, Late Jurassic.

Organic matter. The interval contains amorphous kerogen 
together with abundant terrestrial organic material from 

higher land plants, especially sporomorphs and black, lath-
shaped woody material. The presence of dinoflagellate 
cysts indicates a marine environment, and the dominance of  
AOM is suggestive of oxygen-deficient bottom conditions.

6.3 Pectinatites elegans Chronozone 
(149.83–65.23 m)
Fossils. The zone is based on the dinoflagellate cyst 
record. The base of the zone is recognised at the first 
occurrence of Trichodinium piaseckii coincident with the 
last occurrence of Cribroperidinium complexum.

The dinoflagellate cyst assemblage is dominated 
by Cribroperidinium spp., Circulodinium spp., Oligos-
phaeridium patulum, Pareodinia sp., Paragonyaulacysta 
borealis and P. capillosa in the lower part of the zone. 
Cassiculosphaeridium magnum, Gochteodinia mutabilis, 
Oligosphaeridium patulum, Paragonyaulacysta capillosa, 
Sirmiodinium grossii, Tenua hystrix, Tubotuberella spp. 
and the acritarch Wallodinium krutschi are more com-
mon in the upper part of the zone. The assemblage is 
relatively diverse and abundant.

Biostratigraphy. The first occurrence of T. piaseckii is 
coincident with the last occurrence of C. complexum 
in this core and in the Rødryggen-1 core, where it cor-
relates with the lower boundary of the P. elegans Zone. 
The first occurrence of T. piaseckii is followed succes-
sively by the first occurrences of Senoniasphaera clavel-
lii and Gochteodinia mutabilis and the last occurrence of 
common O. patulum. All these events are located below 
ammonite horizon M 25, Wheatleyensis Zone, in Milne 
Land (Piasecki 1996) suggesting correlation with the  
P. elegans Zone. These events coincide in the relatively 
condensed succession in Milne Land, whereas they 
occur in succession in both Rødryggen-1 and Brorson 
Halvø-1 cores.

Age. Early Volgian, Late Jurassic.

Organic matter. Abundant amorphous kerogen domi-
nates together with abundant terrestrial organic mate-
rial from higher land plants, especially sporomorphs 
and brown and black woody material. The presence of 
dinoflagellate cysts indicates a marine environment, 
and the dominance of AOM is suggestive of oxygen-defi-
cient bottom conditions.

6.4 Pectinatites wheatleyensis Chronozone 
(65.23–45.5 m)
Fossils. The zone is based on the dinoflagellate cyst 
record. The base of this zone is placed at the last occur-
rence of common Gochteodinia mutabilis. The top of the 
zone is bounded by an unconformity marking a signifi-
cant hiatus.

Fig. 18 Amoeboceras subkitchini (MGUH 34201 from GEUS 469823) 
ammonite from upper lower Kimmeridgian Rasenia cymodoce Zone.  
Collected stratigraphically c. 200 m below the Albrecht Bugt Member 
(Palnatokes Bjerg Fm) in an outcrop section measured along a small 
ravine from the Brorson Halvø-1 drill site and towards the west. The 
specimen is housed in the Palaeontology Type Collection at the Natu-
ral History Museum of Denmark and labelled with an MGUH number 
– Museum Geologica Universitas Hafniensis.

1 cm
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Fig. 19 The correlation between the Rødryggen-1 and Brorson Halvø-1 boreholes; the datum is the base of the Palnatokes Bjerg Formation. Note 
the complete stratigraphy in the Rødryggen-1 well compared to the significant hiatuses within the Volgian–Ryazanian in the Brorson Halvø-1 core. 
The zones that are present in the Rødryggen-1 well and absent in the Brorson Halvø-1 well are here shown schematically to onlap the unconformity. 
Although it could be argued that these zones were also represented in the Brorson Halvø-1 area and subsequently removed by erosion of the crest 
during tilting of the fault block, the lack of redeposited palynomorphs of these ages in the Rødryggen-1 core favours an onlap model. AB: Albrechts Bugt 
Mb. LB: Lindemans Bugt Formation. PB: Palnatokes Bjerg Fm. Rr: Rødryggen Member. Str: Stratumbjerg Formation. See Fig. 4 for legend and grain size.
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Biostratigraphy. Common G. mutabilis characterises the 
dinoflagellate cyst assemblage in the uppermost P. ele-
gans Zone in Milne Land and ammonite faunal horizon 
M 25, and P. wheatleyensis Zone correlates with the top 
of this interval (Piasecki 1996). The last occurrences of 
abundant O. patulum and S. clavellii occur in the upper 
part of the interval, followed by a change in composi-
tion of the dinoflagellate cyst assemblage in overlying 
strata.

Age. Early Volgian, Late Jurassic.

Organic matter. Abundant amorphous kerogen together 
with dinoflagellate cysts dominates; terrestrial plant 
material is less significant, occurring mainly as spo-
romorphs but also some black woody material. The 
presence of dinoflagellate cysts indicates a marine envi-
ronment, and the dominance of AOM is suggestive of 
oxygen-deficient bottom conditions.

6.5 Unconformity (45.5 m)
The occurrence of the D. liostracus – E. pseudapertum 
Zones immediately overlying the P. wheatleyensis Zone 
defines a significant stratigraphic break. The unconfor-
mity corresponds to the P. huddlestoni – P. communis 
Zones, spanning the upper lower Volgian to lower mid-
dle Volgian. Biostratigraphically, the unconformity is 
located between 42.09 and 46.05 m and placed at the 
lithostratigraphic boundary at 45.5 m.

6.6 Dorsoplanites liostracus – Epipallasiceras 
pseudapertum Chronozones undiff. 
(45.5–37.50 m)
Fossils. The zone is based on the dinoflagellate cyst 
record and correlated with the succession in the Rødryg-
gen-1 core from the first appearance of Lagenorhytis del-
icatula (42.09 m) to the top of Leptodinium subtile (38.30 
m). Cribroperidinium spp. dominates the assemblage, 
and Rhynchodiniopsis spp. is common. The lower bound-
ary, however, is placed at the inferred unconformity at 
the lithostratigraphic boundary at 45.5 m. The assem-
blage is relatively diverse and abundant.

Biostratigraphy. The unusual appearance of Lagenorhytis 
delicatula as stratigraphically low as the middle Volgian 
strata is recorded in the Rødryggen-1 core (this study). 
In contrast, the last occurrence of Leptodinium subtile is a 
well-known stratigraphic marker in North-West Europe, 
where it has its highest occurrence in the Progalbanites 
albani (ammonite) Zone (Riding & Thomas 1992). The 
upper P. albani Zone is correlated with the E. pseudap-
ertum Zone in the East Greenland ammonite zonation 
(Birkelund et al. 1984). The top occurrence of L. subtile 

just below the ammonite Epipalliceras pseudapertum 
in the Rødryggen-1 core (this study) supports this cor-
relation. Characteristic Boreal, uppermost Jurassic spe-
cies, e.g. Paragonyaulacysta borealis, P. capillosa and the 
acritarch Wallodinium krutzschii, that are common in 
the lower core interval disappear in this zone and are 
absent throughout the rest of the overlying uppermost 
Jurassic interval.

Age. Middle Volgian, Late Jurassic.

Organic matter. The interval contains abundant amor-
phous kerogen with little terrestrial plant material, 
mainly sporomorphs and a limited content of dinoflagel-
late cysts. The presence of dinoflagellate cysts indicates 
a marine environment, and the dominance of AOM is 
suggestive of oxygen-deficient bottom conditions.

6.7 Unconformity (37.50 m)
The G. villosa villosa dinoflagellate cyst Zone, here equiv-
alent to the H. kochi ammonite Chronozone, directly 
overlies the P. liostracus – E. pseudapertum Zones. It 
marks a major stratigraphic break with a hiatus corre-
sponding to the C. anguinus – P. maynci Zones interval, 
spanning the middle middle Volgian to the lower Ryaza-
nian (Fig. 14).

6.8 Gochteodinia villosa villosa Zone (NEG Cr 1)  
and Calcareous Nannofossil Zone BC5 
(37.35–30.52 m)
Fossils. The palynozone is recognised only in one sam-
ple at 37.35 m. The assemblage is poor, low density, 
but due to hardly any other organic matter in this sam-
ple, the whole assemblage is recovered in one slide. 
The assemblage is characterised by a high diversity, 
especially compared to the organic-rich samples ana-
lysed from deeper levels in the core. The interval is 
barren of dinoflagellate cysts in the upper part (36.36–
30.52 m).

The calcareous nannofossil zone BC5 has its base 
at 37.35 m, 15 cm above the base of the calcareous 
Albrecht Bugt Member (Fig. 17). The upper boundary 
is placed at 30.52 m, where the assemblage is char-
acterised by very low diversity without age-diagnos-
tic nannofossils. The assemblage of BC5 consists of 
common to abundant Crucibiscutum salebrosum, 
Watznaueria spp., few Biscutum constans, Rhagodis-
cus asper, Triquerhabdulus shetlandensis, Staurolitithes 
crux, Zeugrhabdotus spp., Cretarhabdus spp. and Dis-
corhabdus spp. (Fig. 17).

Biostratigraphy. The combined presence of dinoflagel-
late cysts Rotosphaeropsis thule and Palaecysta palmula 
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indicates a Lower Cretaceous, mid-Ryazanian assem-
blage. R. thule has its range top in uppermost lower 
Ryazanian, H. kochi Zone in the Rødryggen-1 core. 
P. palmula is reported to appear in the top of the H. 
kochi Zone, uppermost lower Ryazanian in North-West 
Europe (Riding & Thomas 1992) and in the Rødryg-
gen-1 core (this study), where it appears just above an 
H. kochi ammonite. The absence of abundant Oligos-
phaeridium complex supports the Ryazanian age, since 
its first appearance is in the lowermost Valanginian as 
reported both in North-West Europe (Riding & Thomas 
1992) and in the Rødryggen-1 well (this study) as well 
as in the P. albidum ammonite Zone, uppermost Ryaza-
nian on Store Koldewey, northern East Greenland 
(Nøhr-Hansen et al. 2020). The G. villosa villosa Zone 
thus correlates with the H. kochi (ammonite) Zone.

The calcareous nannofossil assemblage suggests the 
presence of the calcareous nannofossil zone BC5 of Bown 
et al. (1998). Common T. shetlandensis and the high abun-
dance of C. salebrosum in the lower four samples and the 
co-occurrence of Eiffellithus striatus with T. shetlandensis 
in the upper three samples further suggest subdivision of 
the interval and the identification of the lower and upper 
BC5-zonal intervals, respectively (Fig. 17).

Age. Latest early Ryazanian – Valanginian. The dinofla-
gellate cysts indicate the base of the interval to be latest 
early Ryazanian. The calcareous nannofossil assem-
blages, on the other hand, indicate a late Valanginian age 
that is somewhat younger than the palynostratigraphic 
age derived from the basal sample of the interval. Previ-
ous studies of the ammonite assemblage collected from 
outcrops of the Albrechts Bugt Member at the drill site 
suggested a late Ryazanian – late early Valanginian age 
(Alsen 2006). A late Valanginian age based on the BC5 
zone also significantly differs from the BC1 zone and late 
Ryazanian age of the base of the Albrechts Bugt Mem-
ber in the Wollaston Forland area (Pauly et al. 2012a). 
A slight revision of stratigraphic ranges of Ryazanian–
Valanginian calcareous nannofossil zones in the Boreal 
scheme was based on Sr-isotope and C-isotope stratig-
raphy (Möller et al. 2015). The offset in ages obtained 
from dinoflagellate cysts and calcareous nannofossils 
observed is, however, far beyond the smaller adjust-
ments recorded by Möller et al. (2015).

Organic matter. A very little organic content comprising 
rounded to angular, carbonised grains with some dino-
flagellate cysts and hardly any terrestrial plant material. 
This abrupt change in the nature of the organic fraction 
in the Brorson Halvø-1 core reflects a significant hiatus, 
whereas a corresponding rapid environmental change in 
the Rødryggen-1 well takes place over approximately 1 m 
of transitional beds in the Upper Ryazanian (this study).

6.9 Calcareous nannofossil Zones BC6–BC7? 
(30.52–22.22 m)
Fossils. This interval is characterised by the lack of 
age-diagnostic calcareous nannofossils hampering a 
precise age assessment. The interval is barren of dino-
flagellate cysts. The absence of the calcareous nannofos-
sils T. shetlandensis, Eprolithus antiquus and Tegumentum 
octiformis indicates the possible presence of the zones 
BC6–BC7, and the interval is tentatively assigned to 
BC6–BC7? (Fig. 17).

Age. The BC6 and BC7 zones are considered early 
Hauterivian in age (Bown et al. 1998).

Organic matter. The interval has a very low organic con-
tent of angular to rounded carbonised grains.

6.10 Calcareous nannofossil Zone BC8  
(22.22–9.18 m)
Fossils. The assemblage contains common to abundant 
Watznaueria spp., R. asper, B. constans, Zeugrhabdotus 
spp. as well as few D. ignotus, Eiffellithus striatus, Peris-
socyclus spp. and rare Sollasites horticus, C. salebrosum, 
Bukrylithus ambiguus and pentaliths; all are characteristic 
of the higher Rødryggen Member. The interval is barren 
of dinoflagellate cysts.

Biostratigraphy. The assemblage suggests the presence 
of the BC8 Zone. E. striatus, T. octiformis, a few Stradner-
lithus silvaradius and rare C. salebrosum in the lower part 
indicate the presence of the BC8a–b Subzone; Perissocy-
clus plethotretus and Z. scutula in the upper part indicate 
the overlying BC8c Subzone (Fig. 17).

Age. Late early Hauterivian – early late Hauterivian. In 
contrast to the conflicting ages obtained for the underly-
ing Albrechts Bugt Member (interval 37.50–30.52 m), the 
calcareous nannofossil age indicated for this interval, the 
upper part of the Rødryggen Member, agrees well with 
the previously recorded age of the Rødryggen Member 
(Alsen 2006; Alsen & Mutterlose 2009; Pauly et al. 2012a).

Organic matter. The interval has a very low organic con-
tent of angular to rounded carbonised grains.

6.11 Batioladinium longicornutum Zone (I), 
N. kostromiensis palyno Subzone (I1) and 
calcareous nannofossil Zone BC9  
(9.18–6.16 m)
Fossils. The base of the zone is placed at the first occur-
rence of the palynomorphs Nelchinopsis kostromiensis, 
Muderongia staurota and M. tetracantha. The index fossil 
of the subzone is thus present, whereas the index of the 

Alsen et al. 2023: GEUS Bulletin 55. 8342. https://doi.org/10.34194/geusb.v55.8342



GEUSBULLETIN.ORG

Batioladinium longicornutum longicornutum Zone was 
absent. The dinoflagellate cyst assemblage is character-
ised by Oligosphaeridium asterigerum, Oligosphaeridium 
complex, Circulodinium distinctum, Clesistosphaeridium 
aciculare, Muderongia staurota and M. tetracantha. Oli-
gosphaeridium asterigerum and Circulodinium distinctum 
dominate the assemblage (Supplementary Data File 2). 
The assemblage is relatively poor in the lower part but 
becomes diverse and abundant upwards.

The calcareous nannofossil assemblage is charac-
terised by common to abundant Watznaueria spp., R. 
asper, B. constans and Zeugrhabdotus spp. It contains 
few D. ignotus, Eiffellithus striatus and Perissocyclus spp., 
and rare Sollasites horticus, C. salebrosum, Bukrylithus 
ambiguus and pentaliths.

Biostratigraphy. Muderongia staurota and M. tetracantha 
have their first occurrences in the upper Hauterivian  
S. gottschei ammonite Zone according to Costa & Davey 
(1992) and Duxbury (2001). The highest occurrence of 
Nelchinopsis kostromiensis is in the upper Hauterivian? – 
lower Barremian Nelchinopsis kostromiensis Subzone (I1) 
in Nøhr-Hansen (1993) and Nøhr-Hansen et al. (2020).

The presence of the calcareous nannofossils E. stri-
atus, P. plethotretus, P. tayloriae, T. octiformis, S. colligata 
and Z. scutula combined with the absence of C. salebro-
sum, S. silvaradius, Tegulalithus septentrionalis and Clep-
silithus maculosus suggest the BC9 Zone (Fig. 17).

Age. Late Hauterivian to early Barremian based on pal-
ynostratigraphy. Calcareous nannofossils indicate a late 
Hauterivian age.

Organic matter. The interval is characterised by a very low 
organic content that is dominated by black angular to 
rounded carbonised grains with few dinoflagellate cysts; 
the latter testify to a marine depositional environment.

Remarks. It is noteworthy that this interval, which is in 
the lower part of the Stratumbjerg Formation, yields 
calcareous nannofossils despite a return to black mud-
stone deposition. Calcareous nannofossils are thus not 
restricted to the marls of the underlying Albrechts Bugt 
and Rødryggen Members. Despite a sharp boundary 
between the Palnatokes Bjerg Formation and the Stra-
tumbjerg Formation observed in the field (Figs 5, 6), 
there appears to be a gradual transition between the 
two units in terms of palaeoecology and calcareous nan-
noplankton production.

6.12 Batioladinium longicornutum Zone (I), 
P. anaphrissum Subzone (I2) (6.16–0 m)
Fossils. The subzone is based on the dinoflagellate cyst 
record in one sample (Fig. 16; Supplementary Data File 2). 

The base of the subzone is recognised at the last occur-
rence of Nelchinopsis kostromiensis. The subzone ranges 
to the last occurrences of Pseudoceratium anaphrissum. 
Oligosphaeridium asterigerum, Oligosphaeridium complex, 
Circulodinium distinctum, Clesistosphaeridium aciculare 
and Muderongia tetracantha dominate the assemblage.

Biostratigraphy. The highest occurrence of Nelchinopsis 
kostromiensis is in upper Hauterivian? to lower Barremian, 
Nelchinopsis kostromiensis Subzone (I1) in Nøhr-Hansen 
(1993). The highest occurrences of Batioladinium longi-
cornutum and Hystrichodinium aborispinum are in the 
upper Barremian, whereas the highest occurrence of 
Pseudoceratium anaphrissum is in the upper part of the 
lower Barremian Pseudoceratium anaphrissum Subzone 
(I2) in Nøhr-Hansen (1993) and Nøhr-Hansen et al. (2020).

Age. Early Barremian, Early Cretaceous.

Organic matter. The interval has a very low organic con-
tent dominated by black, angular, carbonised grains 
with few dinoflagellate cysts, the latter of which indicate 
a marine depositional environment.

7. Discussion

7.1 The Jurassic–Cretaceous boundary in 
(North-East) Greenland
The Jurassic system is characterised by a highly detailed 
subdivision by means of ammonite zones, which form 
the standard biostratigraphic and chronostratigraphic 
framework. Ammonite provincialism in some intervals 
hampers direct correlation to the standard ammonite 
zonation (established in North-West Europe), and sec-
ondary standards are then established locally. Difficul-
ties in ammonite correlation are particularly pronounced 
around the Jurassic–Cretaceous boundary leading to sep-
arate chronostratigraphic divisions even at the Stage level 
in separate faunal provinces. The ammonite zonation for 
most of the Upper Jurassic in East Greenland is mainly 
based on the ammonite successions in Milne Land and 
Jameson Land (Callomon & Birkelund 1982; Birkelund 
et al. 1984; Birkelund & Callomon 1985). The Oxfordian 
ammonite zonation used in East Greenland belongs to 
the Boreal and Subboreal faunal provinces (Sykes & Cal-
lomon 1979; Birkelund et al. 1984; Zeiss 2003). Less pro-
vincialism during the Kimmeridgian allows the ammonite 
succession in Greenland to be referred to the standard 
ammonite zonation of North-West Europe (Birkelund 
& Callomon 1985; Zeiss 2003). Provincialism increased 
progressively during the latest Jurassic. The lower Vol-
gian ammonite zonation in Greenland is adopted from 
England, whereas a separate Boreal zonation was 
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established for the middle Volgian in Greenland, allowing 
only few correlation levels to the Subboreal zonation of 
England (Callomon & Birkelund 1982; Zeiss 2003).

The Milne Land area is characterised by a gap in the 
sedimentary succession between the middle Volgian 
and the lowermost Cretaceous, whereas the upper 
Volgian in southern Jameson Land is documented by 
scattered biostratigraphic data. Further to the north, 
a more complete Jurassic–Cretaceous boundary suc-
cession exists in the Wollaston Forland – Kuhn Ø 
area. The thick, coarse-grained succession represents 
synrift deposition and contains only sporadic levels 
with ammonites. The ammonite succession was doc-
umented by Maync (1949), Donovan (1964) and Sur-
lyk (1978) providing a zonation that covers the middle 
Volgian to Ryazanian. Only one zone (Praechaetaites 
tenuicostatus Zone) has been assigned to the upper 
Volgian; this has since been referred to the uppermost 
middle Volgian (Rogov 2020). However, the presence of 
Subcraspedites (Swinnertonia) from Kuhn Ø (Casey 1973) 
and a record of this genus in the present study indicate 
the presence of the Subboreal Subcraspedites primitivus 
Zone in Greenland, providing a correlation of the base 
upper Volgian from Greenland to North-West Europe.

The ammonite zonation of the Upper Jurassic to Lower 
Cretaceous interval of relevance to the present study is 
shown in Fig. 14. Note the usage of Boreal Stage names 
and the position of the Boreal Upper Jurassic – Lower Cre-
taceous boundary at the Volgian–Ryazanian boundary. 
The Jurassic–Cretaceous boundary in the standard chro-
nostratigraphy established in the Tethyan Realm is placed 
at the Tithonian–Berriasian boundary. That level proba-
bly corresponds to the middle–upper Volgian boundary, 
implying that the uppermost Boreal Jurassic is to be con-
sidered lowermost Cretaceous in an international sense.

The definition of the base of the Cretaceous System 
in terms of a GSSP still remains unresolved. It is agreed 
that the GSSP should be located in the Tethyan Realm, 
but it remains to be determined what proxies (e.g. 
calpionelid microfossils and magnetostratigraphy) are 
most appropriate for defining the boundary. Once for-
mal recognition is achieved, correlation with the Boreal 
and Arctic regions can be undertaken. The sedimentary 
cores recovered at Rødryggen-1 and Brorson Halvø-1 
may thus become important reference sections for the 
Jurassic–Cretaceous boundary in the Boreal Realm as 
they record a succession across the boundary. In this 
regard, Rødryggen-1 is particularly significant with its 
biostratigraphically nearly unbroken section (Fig. 19).

7.2 Basin evolution
Deposition of the Palnatokes Bjerg Formation marked an 
abrupt end to the Late Jurassic dysoxic-anoxic–euxinic 

basin environment and black, organic-rich mudstone 
deposition (the Bernbjerg Formation and the Storslet-
ten Member of the Lindemans Bugt Formation). The 
Palnatokes Bjerg Formation was deposited in the final, 
waning phase of rifting, during which the tilted and 
rotated Jurassic fault blocks possibly underwent a last 
phase of faulting, which led to an even finer subdivision 
of the blocks. The differences in lithology and thickness 
observed in the Albrechts Bugt and Rødryggen Members 
reflect strong local control on deposition. For example, 
the Albrechts Bugt Member at the Rødryggen-1 and 
Brorson Halvø-1 well sites at Stratumbjerg and at Peri-
sphinctes Ravine (Kuhn Ø) is characterised by highly 
condensed, relatively carbonate-rich mudstones that 
were deposited on local submarine highs (Surlyk 1978; 
Alsen 2006). The carbonate content is mainly derived 
from calcareous nannofossils (Pauly et al. 2012a). The 
member is markedly thicker, less condensed and car-
bonate poor at, for example, Kuhnpasset and Niesen 
(Surlyk 1978), reflecting greater accommodation space 
and higher sedimentation rates in deeper parts of the 
basin. This probably reflects a change from half-gra-
ben basins on a rotated, westerly-tilted block during 
the Middle Jurassic to Volgian to greater fragmentation 
in the late Ryazanian to Hauterivian, when deposition 
occurred in smaller horst and graben systems.

The light grey and red sediments of the condensed 
Albrechts Bugt and Rødryggen Members, deposited 
on submarine highs, reflect well-oxygenated condi-
tions related to a period of cold climate (Alsen 2006). 
Oceanographic changes driven by deep-water for-
mation in the northern proto-North Atlantic or in the 
Boreal Arctic Sea resulted in a palaeo-Gulf Stream 
that allowed for the immigration of several Tethyan 
faunal and floral elements to eastern Greenland (Ager 
1971; Alsen 2006; Pauly et al. 2012b). Time-equiva-
lent units, which are compositionally similar to the 
calcareous Albrechts Bugt and Rødryggen Members, 
occur scattered in the northern North Atlantic and 
the Arctic, for example, on Andøya, on the Norwegian 
shelf, in the Barents Sea and at Svalbard (Kong Karls 
Øya). These units show that oceanic currents venti-
lated the sea water throughout the Greenland–Nor-
wegian rift basin and the Arctic Sea during the late 
Ryazanian–Valanginian–Hauterivian. The Palnatokes 
Bjerg Formation is overlain by the Stratumbjerg For-
mation, which marks the return to grey, dark mud-
stone deposition. Deposition of the Stratumbjerg 
Formation reflects the rising sea level during post-
rift thermal subsidence. In most places, the base 
of the formation is in the Barremian (Bjerager et al. 
2020), but at some localities, including the Brorson 
Halvø-1 core, the transition from the red mudstones 
of the Rødryggen Member to the grey mudstones 
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of the Stratumbjerg Formation occurs in the upper 
Hauterivian (Bjerager et al. 2020; Nøhr-Hansen et al. 
2020).

8. Conclusions
The Rødryggen-1 core (234.4 m thick) is assigned to 
the Bernbjerg Formation (234.4 (TD) – 97 m), the Lin-
demans Bugt Formation (97–24.40 m) and the Palna-
tokes Bjerg Formation (24.40–0 m). The Lindemans 
Bugt Formation is represented by a new member, 
the Storsletten Member, which records deposition of 
dark mudstones on the Permpas Block. This region is 
detached from the coarse-grained depositional sys-
tem of the western fault blocks fringing the main rift- 
basin bounding fault. The age of the cored succession 
is determined from integrated ammonite, palynofossil 
and calcareous nannofossil stratigraphy and ranges 
from the upper Kimmeridgian A. eudoxus ammonite 
Zone to the upper Valanginian O. complex dinoflagel-
late cyst Zone. There are essentially no biostratigraphic 
gaps in the succession.

The Brorson Halvø-1 core (225.70 m thick) is assigned 
to the Bernbjerg Formation (225.7 (TD) – 45.5 m), the 
Lindemans Bugt Formation (Storsletten Member;  
45.5–37.5 m), the Palnatokes Bjerg Formation, includ-
ing the Albrechts Bugt (37.5–30 m) and Rødryggen 
Members (30–8.7 m), and the Stratumbjerg Formation 
(8.7–0 m). The age of the cored succession is deter-
mined from integrated ammonite, palynofossil and 
calcareous nannofossil stratigraphy and ranges from 
the late Kimmeridgian A. eudoxus ammonite Zone to 
the lower Barremian B. longicornutum dinoflagellate 
cyst Zone or P. anaphrisum Subzone. The succession is 
characterised by two major biostratigraphic gaps rep-
resenting unconformities in the succession that bound 
the Storsletten Member. They reflect rotation of the 
Permpas Block and uplift of the block crest during the 
middle Volgian rift climax, which resulted in repeated 
non-deposition in contrast to the deeper basin setting 
of Rødryggen-1.

Both cores, but in particular, the stratigraphically 
complete Rødryggen-1 core, provide key stratigraphic 
reference sections for the Jurassic–Cretaceous bound-
ary interval in Greenland, with wider implications in the 
Arctic and North Atlantic regions.
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52 Alsen et al. 2023: GEUS Bulletin 55. 8342. https://doi.org/10.34194/geusb.v55.8342Contrasts in sedimentation. The upper photograph illustrates the coarse conglomeratic nature of the proximal marine sediments at the rift-basin margin  
(Niesen, northern Wollaston Forland; photo: Peter Alsen) whereas the lower photograph shows the contemporaneous black, organic-rich mudstones  
(Rødryggen-1 borehole; photo: John Boserup) that accumulated distally in structurally isolated sub-basins, as documented in this bulletin.
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Abstract

Two drill cores spanning the Upper Jurassic – Lower Cretaceous succession in Wollaston Forland, 
North-East Greenland, offer an insight into mud accumulation in an evolving distal fault block. 
Previous studies have revealed the presence of long-lasting black mudstone accumulation 
extending through the oxygen-restricted early rift and rift climax phases (Bernbjerg and Lindemans 
Bugt Formations). Here, we present a detailed description of the sedimentary succession extending 
into the late syn-rift settings (Palnatokes Bjerg and Stratumbjerg Formations). The results indicate 
that the Kimmeridgian – lower Volgian early rift-phase was characterised by suspension settling 
and millimetre-scale event deposition in a tectonically affected, prodeltaic offshore setting. 
The event-related depositional processes are recorded by starved wave ripples, scour-and-fill 
structures, putative mud-floccule ripples and mud-dominated gravity-flow deposits. During 
the middle Volgian – Ryazanian rift climax, the depositional environment evolved into a narrow 
half-graben that was detached from the proximal depocentre flanking the deltaic coastline, itself 
dominated by coarse sediment. The correlative sedimentary facies in the detached half-graben 
are bioclastic and pyrite-rich black mudstones, which document suspension settling and gravity-
flow or mass-wasting deposition in sub-storm wave-base slope and basin-floor environments. 
Black mudstone sedimentation ended abruptly in the late Ryazanian when the accumulation of 
condensed, bioturbated deep marine marls coincided with broader oceanographic reorganisation 
concomitant with waning rift activity in the west. Deposition of red bioclastic mudstones with a 
common gravity-flow component characterised the Hauterivian, potentially representing final 
draping of the submerged fault block crest. The top of the cored succession is demarcated by 
dark grey bioturbated mudstones of Barremian age, reflecting the onset of regionally continuous 
deep marine mud accumulation in thermally subsiding basins. Although superficially monotonous, 
the mudstone-dominated succession reveals a highly dynamic depositional system that reflects 
changing sediment transport processes during almost a full rift cycle.
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1. Introduction
Although mudstones form most of the Earth’s sedimentary record, they 
remain less understood than most other rock types (Schieber et al. 2007). 
This is unfortunate because mudstones form important archives of Earth’s 
climatic and oceanographic processes and crises and are economically 
valuable, hosting petroleum source rocks and hydrocarbons and forming 
seals in hydrocarbon, groundwater and carbon storage reservoirs (Pot-
ter et al. 2005). Traditionally, mud has been regarded as being deposited 
via suspension settling under low-energy conditions (Potter et al. 1980). 
However, particularly since the early 2000s, flume-tank experiments and 
detailed observations from the modern sea floor, and from ancient succes-
sions, have revealed that mud accumulation can take place during much 
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more varied hydrodynamic conditions than previously 
thought (Kineke et al. 1996; Wright et al. 2001; Bentley 
& Nittrouer 2003; Macquaker & Bohacs 2007; Schieber 
et al. 2007; Ichaso & Dalrymple 2009; Schieber & South-
ard 2009; Schieber & Yawar 2009; Macquaker et  al. 
2010; Ghadeer & Macquaker 2011; Plint et al. 2012; 
Plint 2014; Yawar & Schieber 2017). Most notably, such 
studies have shown that mud can be transported as, 
and deposited from, bedload transport, which can 
generate subtle sedimentary structures (e.g. cross- 
lamination, normally graded lamina sets, structureless 
ungraded mud laminae and convergent lamination) 
that remain overlooked in the sedimentary record. This 
can be particularly true in outcrop studies where mud-
stone successions are typically poorly exposed relative 
to coarser facies and tend to appear homogenous due 
to weathering. 

The Upper Jurassic – Lower Cretaceous depositional 
record of eastern Wollaston Forland, North-East Green-
land (Fig. 1), provides an exceptional window into mud-
stone deposition under changing paleoenvironmental 
conditions. The area experienced a protracted rift phase 
that started in the Middle Jurassic, reached a climax 
during the Late Jurassic and waned progressively during 
Jurassic–Cretaceous boundary times and through the 
Early Cretaceous (Surlyk 1978, 1990, 2003). As a result 
of rift evolution, the basin geometry changed from a 
regionally continuous suboxic shelf setting to a series 
of narrow half-grabens that were subsequently affected 
by thermal subsidence and transgression. Whilst the fill 
of the proximal half-grabens was coarse-grained, being 
characterised by major conglomeratic submarine fan-
delta systems (Surlyk 1978, 2003; Henstra et al. 2016), 
the distal fault blocks were mud-filled, stagnated and 
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Fig. 1 Location maps. Left: Geological overview map of East and North-East Greenland showing the location of the study area (red box) and the domi-
nant Late Jurassic – Early Cretaceous faults. Right: Simplified geological map of Wollaston Forland showing the positions of the Rødryggen-1 and Bror-
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detached from the coastal gravity-flow systems (Pauly 
et al. 2013; Hovikoski et al. 2023; Bojesen-Koefoed et al. 
2023, this volume; Olivarius et al. 2023, this volume). The 
subsequent rift waning and thermal subsidence were 
associated with improved ventilation and deposition of 
deep marine mudstones.

All these tectonostratigraphic phases are recorded 
in the fully cored boreholes Rødryggen-1 and Brorson 
Halvø-1, which were drilled in two contrasting locations 
within a distal half-graben (Figs 1, 2). Full core recovery 
has yielded pristine preservation of the Kimmeridgian 
to lower Barremian mudstone-dominated succession, 
allowing detailed documentation of the sedimentary 
facies of the dominant, organic-rich black mudstone 
succession (Bernbjerg and Lindemans Bugt Forma-
tions), as well as the gradation to upper Ryazanian 
bioturbated mudstones (Palnatokes Bjerg and Stra-
tumbjerg Formations). The sedimentary facies of the 
black mudstone interval were recently summarised in 
Hovikoski et al. (2023) in which the wider implications 

of this subsurface record are developed with respect 
to the development of anoxia in the region during rift-
ing. The aim of this complementary paper is to pres-
ent a comprehensive description of the depositional 
facies and processes in this unexposed and previously 
unknown distal marine setting.

2. Stratigraphy and depositional setting
The cored section covered by the Rødryggen-1 and 
Brorson Halvø-1 boreholes spans the Kimmeridgian  
to lower Barremian interval, which is divided into four  
formations: (1) the Bernbjerg Formation, (2) the Lin- 
demans Bugt Formation (the new Storsletten Mem- 
ber; Alsen et al. 2023, this volume), (3) the Palnatokes 
Bjerg Formation (the Albrechts Bugt Member and the 
Rødryggen Member) and (4) the Stratumbjerg Forma- 
tion (Fig. 2).

The age of the Bernbjerg Formation is late Oxford-
ian to early Volgian, and it comprises a thick black 

Fig. 2 Stratigraphic models of the Wollaston Forland – Kuhn Ø area. Left: the conceptual stratigraphic scheme of Surlyk (2003) based on outcrop 
study. Right: the revised scheme after drilling of the Rødryggen-1 and Brorson Halvø-1 boreholes and incorporating changes introduced by Surlyk 
et al. (2021). The revised succession is much more complete and richer in marine mudstone (brown colour) than previously envisaged. East Greenl. 
Tect. Strat. Seq.: East Greenland Tectono-stratigraphic sequence. U: Upper/upper. M: Middle/middle. L: Lower/lower. Lithostratigraphic abbreviations 
are as follows: Al: Albrechts Bugt Member. B: Bernbjerg Formation. Ba: Bastians Dal Formation. F: Falskebugt Member. J: Jakobsstigen Formation. L: 
Laugeites Ravine Member. Li: Lindemans Bugt Formation. Li (S): Lindemans Bugt Formation (Storsletten Member). Mu: Muslingebjerg Formation. N: 
Niesen Member. Pa: Palnatokes Bjerg Formation (Young Sund Member). Pay: Payer Dal Formation. Pe: Pelion Formation. R: Rødryggen Member. Ri: 
Rigi Member. Str: Stratumbjerg Formation. Ug: Ugpik Ravine Member. Black vertical lines indicate the schematic location and stratigraphic extent of 
the Rødryggen (R-1) and Brorson Halvø-1 (BH-1) boreholes. Reproduced from Bojesen-Koefoed et al. 2023b (this volume).
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mudstone shale succession (500–600 m) that accumu-
lated in a tectonically influenced shelf setting (Sykes & 
Surlyk 1976; Surlyk et al. 2021). Previous sedimentolog-
ical studies of outcrop sections have reported the pres-
ence of a dysoxic to anoxic or euxinic shelf setting with 
occasional storm influence during Oxfordian–Volgian 
times (Surlyk & Clemmensen 1975, 1983). Similarly, 
the previous core-based study pointed to a generally 
sub-oxic prodeltaic shelf environment (Hovikoski et al. 
2023). Rifting intensified during the Volgian, which dis-
sected the basin into a series of narrow, 10–30 km wide, 
westward tilted, fjord-like half-grabens (Vischer 1943; 
Surlyk 1978). Major conglomeratic submarine fan-delta 
systems (Lindemans Bugt Formation, Rigi Member; Sur-
lyk 1978; Henstra et al. 2016) developed in the most 
proximal fault blocks reaching a maximum thickness 
of 2 km. The coeval paleoenvironmental development 
in more distal, eastern fault blocks remained poorly 
understood due to the lack of outcrops, but is well-re-
corded in the cores described here, which indicate deep 
basinal sedimentation and isolation from the coarse-
grained proximal systems (Hovikoski et al. 2023). The 
mudstone-dominated succession that accumulated in 
this setting is referred to the new Storsletten Member 
of the Lindemans Bugt Formation (Alsen et al. 2023, this 
volume).

The rift climax started to wane in the west during 
the late Ryazanian, leading to the deposition of the 
Palnatokes Bjerg Formation (Surlyk 1978, 1984, 
1990, 2003). The formation changes coincided with 
transgression and improved ventilation in the water 
column and oceanographic change with improved 
communication between the Boreal and Tethyan 
realms (Pauly et al. 2013). Sand-dominated gravi-
ty-flow deposits (Palnatokes Bjerg Formation, Young 
Sund Member) continued to accumulate in the prox-
imal fault block, whereas fossiliferous mudstones 
(Albrechts Bugt and Rødryggen Members) accumu-
lated in basinal areas and on submarine block crests 
(Surlyk 1978; Hovikoski et al. 2018). The Rødryggen-1 
and Brorson Halvø-1 cores penetrate both the latter, 
fine-grained members, and new biostratigraphic data 
indicate a late Ryazanian to Hauterivian age for these 
deposits (Alsen et al. 2023, this volume). In the Bror-
son Halvø-1 core, the Palnatokes Bjerg Formation is 
gradationally overlain by a thin interval of uppermost 
Hauterivian – Barremian, sub-storm and wave-base 
bioturbated mudstones of the Stratumbjerg Forma-
tion (Bjerager et al. 2020). This formation crops out 
from Traill Ø in the south to Store Koldewey in the 
north and reaches its maximum thickness of 270 m 
in the Brorson Halvø area; the Stratumbjerg Forma-
tion was previously referred to as the ‘Mid-Cretaceous 
sandy shale sequence’ (Nøhr-Hansen 1993).

3. Methods
The Rødryggen-1 and Brorson Halvø-1 cores were sed-
imentologically and ichnologically described at a scale 
of 1:100. The sedimentological description included 
descriptions of lithology, grain size (visual estimation) 
and trends in grain size, primary and secondary sedi-
mentary structures, bedding contacts and the identifica-
tion of important stratigraphic surfaces. Diagenesis and 
authigenic minerals are described in Olivarius et al. (2023, 
this volume) and are integrated in facies descriptions.
Ichnological data comprise description of ichnogenera, 
trace-fossil assemblage, cross-cutting relationships and 
bioturbation index (BI of Taylor & Goldring 1993). The BI 
provides a description of the degree to which original 
sedimentary fabric has been destroyed due to biogenic 
processes. This classification scheme allocates a numer-
ical value ranging from 0 to 6 – the values correspond 
to the percentage of bioturbation (cf. Taylor & Goldring 
1993). Undisturbed or non-bioturbated sedimentary 
fabrics are classified as BI 0 (0% reworked), while perva-
sively bioturbated media (100% reworked) are classified 
as BI 6. Intermediate levels of bioturbation are character-
ised using BI 1–5 and are defined as follows: BI 1, 1–4% 
reworked; BI 2, 5–30% reworked; BI 3, 31–60% reworked; 
BI 4, 61–90% reworked; BI 5, 91–99% reworked (Taylor & 
Goldring 1993). Locally, a lack of lithological contrast hin-
dered accurate estimation of the degree of bioturbation. 
The age of the sediments is based on the biostratigra-
phy of Alsen et al. (2023, this volume).

4. Depositional facies
The two cored sections spanning the Bernbjerg, Linde-
mans Bugt, Palnatokes Bjerg and Stratumbjerg Forma-
tions are divided into seven facies (F1–7). The facies are 
grouped and described here according to the lithostrati-
graphic unit(s) in which they occur (Figs 3, 4), as follows: 

• �F1, F2, F3 and F7 Bernbjerg and Lindemans Bugt For-
mations

• F4 and F5: Palnatokes Bjerg Formation
• �F6: Stratumbjerg Formation

4.1 Bernbjerg and Lindemans Bugt Formations 
The studied deposits of the Bernbjerg and Lindemans 
Bugt Formations are divided into four facies (F1, F2, 
F3 and F7) and five subfacies (F1A, F1B, F1C, F2A and 
F2B) based on their sedimentological and ichnological 
properties.

4.1.1 Facies F1: mudstone
Three subfacies (F1A–C) are recognised in the mudstone 
facies (Fig. 5A–G).

Hovikoski et al. 2023: GEUS Bulletin 55. 8349. https://doi.org/10.34194/geusb.v55.8349
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Fig. 3 Sedimentological log of the Rødryggen-1 core. Note that the ammonite zones are here indicated with chronozone terminology, whereas in the 
text, ammonite zones are used. Modified from Hovikoski et al. (2023). Chron. Strat.: chronostratigraphy. Tect. evo.: tectonic evolution. GR: gamma 
ray. Comm.: Comminus Zone. Scit.-Wheat.: Sciitulus–Wheatleyensis Zones. Groenlandic.: Groenlandicus Zone. 
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4.1.1.1 Subfacies F1A: massive to laminated clayey 
mudstone
Description: F1A is a rare subfacies type occurring mainly 
in the Lindemans Bugt Formation (in the core intervals: 
Rødryggen-1 c. 97–24.4 m, Brorson Halvø-1 41–38 m; 
Figs 3, 4), where it typically forms centimetre- to metre-
scale successions. It commonly occurs in association 
with F7 (slumps) and F1B (colour-banded mudstone), 
and less commonly with F2 (clay-silt heteroliths) in the 
Bernbjerg Formation (Fig. 4, 178 m).

F1A has the finest grain size of the described facies 
and typically shows the highest gamma-ray (GR) values of 

the succession (>180 API; American Petroleum Institute 
units). It consists of dark grey to black, apparently struc-
tureless or faintly laminated clayey mudstone (Fig.  5A). 
Pyrite is locally common. Generally, the deposits appear 
to be unbioturbated or contain rare diminutive Chon-
drites, Zoophycos and indistinct mottling (BI 0–3; Fig. 5E, F). 
The transitional occurrences (F1A/F2A) in the Bernbjerg 
Formation are more commonly intensively micro-biotur-
bated with millimetre to sub-millimetre scale indistinct 
traces that are typically visible as laminae disruptions (BI 
0–5). The estimation of BI and recognition of trace fossils 
was locally hampered by lack of lithological contrast and 

B C
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Fig. 5 Facies F1. A: Laminated black mudstone with common inoceramid fragments. F1A, Rødryggen-1, 26.6 m. B–D: Examples of ‘colour-banded’ 
pyrite-rich mudstone of F1B. Fig. 5C illustrates slump-folded ankerite- and pyrite-rich mudstone. B: Rødryggen-1, c. 64 m. C: Brorson Halvø-1, c. 47.5 
m. D: Brorson Halvø-1, 46 m. E, F: Bioturbated examples of F1AB. E: Rødryggen-1, ~ 29 m. F: Rødryggen-1, ~ 25.5 m. Panel F represents a gradational 
interval from Lindemans Bugt to Palnatokes Bjerg Formation. G: Laminated to bioturbated ankerite- and dolomite-cemented mudstone. Subfacies F1C, 
Rødryggen-1, 76.6 m. bm: burrow mottling. Zo: Zoophycos.
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poorly preserved core (rubble). Finally, F1A is fossil-rich, 
bearing ammonites, belemnites and bivalves.

Interpretation: The lithology and sedimentary structures 
(e.g. laminated mud), concentration of marine fos-
sils and ichnological properties are compatible with a 
marine, sub-storm wave-base, oxygen-deficient basinal 
environment characterised by hemipelagic suspension 
settling (see Hovikoski et al. 2023 for redox data). The 
close association with F7 (slumps) in the middle Vol-
gian of the Brorson Halvø-1 section suggests a drowned 
slope setting in a tilted fault block at this location.

The bioturbated, intermediate occurrences in the 
Bernbjerg Formation are interpreted as dysoxic offshore 
sediments based on ichnological and sedimentological 
characteristics as well as the stratigraphic occurrence of 
the facies.

4.1.1.2 Subfacies F1B: colour-banded mudstone
Description: Subfacies 1B is common in the Lindemans 
Bugt Formation in Rødryggen-1 (core depth 90–30 m). 
In the Brorson Halvø-1 core, F1B is rare, forming a thin 
interval in the middle Volgian (core depth 43 m). In addi-
tion, a single occurrence of F1B transitional to F1C was 
recorded at around 152 m in the Bernbjerg Formation. 
In both of the latter instances, the subfacies is also asso-
ciated with slumps (F7).

F1B alternates gradationally with F1C and F1A, being 
an intermediate facies type between these two subfacies. 
On the GR log, F1B shows intermediate values commonly 
ranging between 100 and 150 API. This facies consists of 
interlaminated clayey mudstone, pyrite and ankerite-rich 
mudstone (see Olivarius et al. 2023, this volume), which 
leads to the characteristic colour banding of this facies 
(Fig. 5B, D). Moreover, lensoidal laminae and possible 
low-relief cross-lamination occur locally, but their con-
clusive documentation is hampered by soft-sedimentary 
deformation and concretionary structures (e.g. pyrite 
nodules) that obscure primary micro-facies. Bioclasts, 
consisting mainly of marine elements (e.g. onychites 
(belemnoid hooks), ammonites and bivalves), are also 
common. Pyrite is abundant. F1B typically appears to be 
unbioturbated (BI 0) and shows small-scale soft-sedimen-
tary deformation structures (micro-slumps consisting of 
contorted lamination and micro-scale loading structures). 
The determination of bioturbation intensity is hampered 
locally, however, by lack of lithological contrast in black 
mudstone-dominated intervals.

Interpretation: Abundant small-scale soft sedimentary 
deformation, structureless mud laminae up to a few mm 
thick and local lenticular laminae suggest that deposi-
tion was probably partly derived from muddy gravity 
flows rather than being solely the result of hemipelagic 

suspension fallout. Similarly, the alternation between 
stratified and structureless micro-facies suggests alter-
nating transport processes, potentially driven by chang-
ing turbulence under decelerating mud flows (Plint 2014). 
The gravity flows were probably facilitated by the increas-
ing depositional gradient due to late early Volgian – early 
Ryazanian fault block development (Surlyk 1978, 2003).

The localised ankeritic laminae probably reflect alter-
ation of rare primary laminae rich in bioclasts (e.g. cal-
cispheres; see Section 4.1.1.3; Olivarius et al. 2023, this 
volume). Considering the sedimentological and ichnolog-
ical properties described here, coupled with the strati-
graphic occurrence of the facies, F1B is interpreted to 
represent the accumulation of oxygen-deficient, basinal 
to slope mudstone in a tilted fault-block setting (see Sec-
tion 5. Discussion).

4.1.1.3 Subfacies F1C: ankerite- and dolomite-rich 
mudstone
Description: F1C is a common facies type in both core sec-
tions in the Kimmeridgian and lower Volgian (Rødryggen-1 
230–70 m, Brorson Halvø-1 220–48 m; Fig. 5G). It occurs 
most commonly as decimetre-scaled intervals. On the GR 
logs, F1C is readily identified by anomalously low GR peaks 
(<50 API) that sometimes occur within an interval of over-
all high GR readings (at the base of an upward-coarsening 
interval) or at the very top of coarsening-upward succes-
sions. In addition, F1C occurs in trendless successions.

F1C consists of ankerite- and dolomite-cemented 
mudstone, which characteristically shows interlami-
nated mudstone and bioclast-rich mudstone; the bio-
clasts are replaced by pyrite and ankerite (see Olivarius 
et al. 2023, this volume). Poorly preserved, their typi-
cal circular cross-section is suggestive of calcispheres, 
although some vase-shaped cross-sections resemble 
calpionellids. Locally, F1C shows soft sediment deforma-
tion. Pyrite and apatite are locally common (e.g. 89.8 m 
in Rødryggen-1; Olivarius et al. 2023, this volume).

Bioturbation intensity ranges from unbioturbated to 
intensive burrow-mottling (BI 0-6; e.g. Brorson Halvø-1, 
150 m; Fig. 5G). Burrow mottling contains indistinct c. 
1 mm wide, horizontal to sub-horizontal trace fossils, 
which produce a mottled fabric. These are tentatively 
assigned to Zoophycos, because of (1) locally visible chev-
ron-shaped structures, which may point to the presence 
of spreite, and (2) despite their diminutive size, they can 
in places be followed laterally through the width of the 
core, suggesting the presence of a lobe rather than an 
individual burrow. Estimation of bioturbation intensity 
in F1C is locally hampered by concretionary structures 
related to ankerite and dolomite formation. 

Interpretation: The enrichment of bioclastic mate-
rial, authigenic minerals (phosphate) and locally high 
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bioturbation intensity is best explained by reduced sed-
imentation rates (condensation). This interpretation is 
supported by the occasional stratigraphic occurrence 
of F1C at the very top or base of parasequences, which 
could point to a reduced sedimentation rate during 
either transgressive events, tectonic reorganisation or 
both. However, local soft sediment deformation fea-
tures and the close association with slumps (F7) sug-
gest that some of the F1C layers (e.g. Brorson Halvø-1, 
100–80 m) may represent redeposited calcareous ooze 
that was originally deposited as a pelagic drape on the 
eastern sediment-starved, incipient block crest, follow-
ing the onset of block rotation. 

4.1.2 Facies F2: interstratified claystone, 
siltstone and sandstone
Description: F2 is the dominant facies type in the Kim-
meridgian – lower Volgian Bernbjerg Formation in the 
Rødryggen-1 cored section (234.5 to c. 97 m; Fig. 3), 
where it typically forms several metres thick aggrada-
tional (i.e. trendless) successions, and is also well-rep-
resented in this formation in the Brorson Halvø-1 core 
(225.7–45 m; Fig. 4). It is a transitional facies type with F3 
(see Section 4.1.3) and can be gradationally or erosion-
ally interbedded with F3. In addition, F2 is locally inter-
calated with F1C. On the GR log, F2 typically represents 
aggradational successions displaying relatively uniform 
GR values (c. 140–160 API). Locally, intervals dominated 
by F2 show stacked funnel-shaped GR patterns, a few 
metres thick (e.g. Rødryggen-1, 175–148 m; Fig. 3). F2 
is most commonly unbioturbated, but locally, sporadic 
diminutive burrow mottling is recorded (BI 0–2).

F2 is subdivided into two subfacies: F2A, consisting 
of laminated mudstone (Fig. 6A, B), and F2B, which com-
prises interlaminated, very fine-grained sandstone or 
coarse siltstone and claystone and is characterised by len-
ticularity and basal erosional contacts (Figs 6C–H, 7A, B).

4.1.2.1 Subfacies F2A: parallel-laminated clay and silt
Description: F2A is a common facies type in the Bernbjerg 
Formation. It forms millimetre- to centimetre-thick inter-
vals occurring intergradationally between F1 and F2B. 
Together, these subfacies form aggradational (trend-
less) successions, or subtle, up to a few tens of metres 
thick, upward-coarsening successions (e.g. Rødryggen-1, 
175–148 m; Brorson Halvø-1, 140–120 m). 

F2A consists of fine-grained heterolithic interlamina-
tion, typically parallel-laminated siltstone and claystone 
(Fig. 6A). Lamina pinch-outs and erosional scours are 
rare or absent. Thin (c. 1 mm), tabular, normally graded 
siltstone–claystone couplets are present locally. More-
over, the transitional expressions (F2A–F2B gradation) 
show increasing silt content and lamina thickness, and 
the appearance of normally graded lamina sets a few 

millimetres thick, which may laterally grade into scour-
based, normally graded siltstone–claystone lamina sets 
(F2B). The deposits often appear unbioturbated or bear 
indistinct burrow mottling; rare diminutive Zoophycos, 
Chondrites and ?Phycosiphon occur in places (BI 0–5; 
Fig. 6A, B). Disseminated pyrite and particularly coalified 
wood fragments are common locally. F2A differs from 
F2B in that it lacks (1) signs of erosion, (2) sandstone, 
(3) clear normal grading and (4) laminae convergence, 
pinch-outs or lenticularity.

Interpretation: In F2A parallel lamination dominates, with 
no indications of erosion. As in F1A, the deposits are 
bioturbated locally with possible diminutive Zoophycos, 
Chondrites and indistinct sub-millimetre scale burrow 
mottling, which is in line with a dysoxic, generally low 
energy environment (e.g. Martin 2004; Boyer & Droser 
2011; Schieber & Wilson 2021; see also Hovikoski et 
al. 2023 for redox data). The normally graded, tabular 
siltstone–claystone couplets that lack erosional scour 
are interpreted as the most distal expression of thin 
mud-dominated gravity flows (see Section 4.1.2.2 Sub-
facies F2B). The transitional variants showing graded 
lamina couplets that may grade laterally into erosionally 
based siltstone–claystone lamina sets suggest that this 
type of interlamination is partly related to weak traction 
deposition. The interpreted depositional mechanism 
is the gravity-flow component of wave-enhanced grav-
ity-flow (WEGF) currents as described by Macquaker 
et al. (2010; see Section 4.1.2.2 for discussion). These 
wave-initiated flows possibly extended some distance 
below storm wave base as slope-maintained gravi-
ty-flow currents. 

In summary, considering the sedimentological and 
ichnological characteristics as well as the stratigraphic 
position, subfacies F2A is interpreted to record a low-en-
ergy dysoxic offshore environment that periodically 
experienced dilute, muddy gravity-flow events.

4.1.2.2 Subfacies F2B: cross-laminated – lenticularly 
laminated silt and clay
Description: F2B is a common subfacies type in the Bror-
son Halvø-1 core. It forms millimetre- to decimetre-scale 
successions and is commonly interbedded with F2A or 
F3. It usually occurs as a dominant subfacies in the top 
part of coarsening-upward successions (see Section 5. 
Discussion). F2B forms erosionally based upward-fining 
lamina sets a few millimetre thick, which may grade lat-
erally into F2A over the width of the core. It is a broad 
subfacies dominated by interlaminated claystone–silt-
stone and lenses of siltstone, characterised by lamina 
truncations, low-relief erosional scours, lamina pinch-
outs and down-lapping to top-lapping lamina contacts 
(Fig. 6C–H).
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Fig. 6 Facies F2. A: Laminated mudstone with local burrow mottling (bm). F2A, Rødryggen-1, c. 190 m. B: Laminated to bioturbated mudstone (F2). 
Biogenic structures are interpreted to include diminutive Zoophycos (?Zo) and Phycosiphon (?Ph). Brorson Halvø-1, c. 186 m. C: Laminated silt and clay of 
F2B, showing normally graded laminae sets (black triangle), lenticular laminae and erosional contacts (yellow arrow). Top of photo shows an interval 
of F2A with burrow mottling. Rødryggen-1, c. 231.5 m. D: Thin section image illustrating a typical tripartite division of a normally graded laminae set: 
a basal, erosionally based, cross-laminated very fine-grained sand or coarse silt lamina (unit A), parallel laminated silt and clay (unit B) and a clay-rich 
mud layer (unit C). F2B, Rødryggen-1, 206.8 m. E: Burrow mottling, visible as laminae disruption, in heterolithic interlamination. Sy: synaeresis crack. 
White triangle: normally graded laminae set. Brorson Halvø-1, 106 m. F–H: Facies examples illustrating laminae terminations (white arrows) and 
convergent lamination in F2B, suggesting the presence of ripple cross-lamination in mudstone. The lowermost cross-lamination in H contains sand and 
thus represents a transient example to F3. F: Rødryggen-1, 232 m. G: Brorson Halvø-1, c. 150.5 m. H: Brorson Halvø-1, 215 m. 
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Fig. 7 Facies F2B and F3. A: Normally graded sand-mud laminae sets with structureless mud laminae. Yellow arrow points to syn-sedimentary defor-
mation including small-scale slump folding. Rødryggen-1, 233.69 m. B: A sand-filled scour (F3) grading laterally into mud-on-mud contact. The scour 
is interbedded with laminated silt and clay of F2B. Brorson Halvø-1, 135 m. C: Mud-rich heteroliths (F2B), interbedded bioturbated intervals. White-
dashed line marks the base of a structureless mud lamina. ?Ne: possible Nereites. Brorson Halvø-1, 185.5 m. D: Ripple cross-lamination showing 
laminae offshoots typical for wave ripples (F3). Brorson Halvø-1, 147 m. E: Cross-lamination with bioturbated top (F3). Brorson Halvø-1, 185 m. F: A 
scour-and-fill structure with ripple cross-laminated top (F3). The structure is interpreted as a storm wave-modified gravity deposit. Brorson Halvø-1, 
183.5 m.
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Two different types of erosionally based, normally 
graded lamina sets and beds are present. Type (1) 
comprises a few millimetre-thick siltstone–claystone 
couplets that show locally a tripartite microstructure: 
a basal micro-scoured contact below a millimetre-scale 
coarse siltstone or very fine-grained sandstone lamina 
(unit A; Fig. 6C, D). This basal lamina shows lateral thick-
ness variability, pinch-outs and may contain inclined 
sub-millimetre thick mud drapes. The basal unit A is 
abruptly overlain by millimetre-thick parallel-laminated 
claystone and siltstone (unit B in Fig. 6D), which further 
grades into a structureless clayey mud-drape (unit C 
in Fig. 6D) that may contain pyrite. Type (2) comprises 
tabular, sharp-based siltstone–claystone laminae/beds. 
These beds are clay-dominated and appear to be com-
posed of two components: a basal, c. 0.5–2 mm thick 
lenticular silt layer, which may contain inclined mud 
drapes and grades upwards into a structureless milli-
metre- to centimetre-scale clay bed. The basal contact 
in the Type 2 beds lacks evidence of prominent erosion.

In addition to the upward-fining lamina couplets 
and triplets, F2B shows subtle changes locally in lamina 
angle, lamina truncations and on-lapping or top-lapping 
lamina contacts, particularly where the facies is inter-
bedded with cross-laminated sandstone (F3; Fig. 6F–H). 
Locally, silt–clay laminae sets show subtle changes in 
lateral thickness (Fig. 6H). Soft-sediment deformation 
is also very common and occurs as millimetres- to cen-
timetre-scale micro-slump units (contorted Z-shaped 
lamina). Synaeresis cracks are rarely observed.

The deposits commonly appear unbioturbated, 
though exhibiting locally a low-density or diversity trace 
fossil fabric similar to that of subfacies F2A (Fig. 6E). The 
differences include lowered and fluctuating bioturba-
tion intensity (BI 0–3) and increasing burrow diameter 
of burrow mottling in F2B (from sub-millimetre- to mil-
limetre-scale). Moreover, in a few cases, an assemblage 
comprising Nereites, ?Chondrites and Phycosiphon was 
observed at the top or in between event laminae or 
beds, at the gradation to F3 (Fig. 7C).

Interpretation: The deposits are interpreted to be mainly 
related to various gravity-flow and wave-modified gravi-
ty-flow processes, but an influence from more sustained 
current systems is also possible. The heterolithic interla-
mination showing subtle changes in lamina angle, lamina 
truncations and down-lapping to top-lapping lamina con-
tacts (Figs 6G, H) suggests the presence of compacted, 
low relief mud-floccule ripples (Macquaker & Bohacs 
2007; Schieber et al. 2007; Schieber & Southard 2009). 
The silt–clay interlamination with laminae pinch-outs and 
lenticularity (Fig. 6H) is similar to that generated by Yawar 
& Schieber (2017) in a flume tank experiment. Their 
results showed that such clay–silt interlamination can 

form under similar flow velocity as mud-floccule ripples, 
but with a lower sedimentation rate. 

The Type 1 erosionally based graded lamina set with 
the locally visible tripartite microstructure (Figs 6C, D) is 
very similar to the wave-enhanced gravity-flow depos-
its described by Macquaker et al. (2010). They proposed 
a three-phase flow model to explain the formation of 
these structures. In phase 1, wave-induced turbulence 
and resuspension form an erosionally based sand or 
coarse silt lamina (unit A). In phase 2, the increasing sed-
iment concentration in the wave boundary layer damps 
turbulence, a pressure gradient develops and gravity 
flow begins. Shear mixing at the base of the laminar flow 
and mixing with sediment already in suspension results 
in the deposition of interlaminated silt and clay (unit B). 
In phase 3, the flow energy wanes, and the lutocline col-
lapses (i.e. the suspended mud cloud), flow stops and 
the deposits grade into a clay-rich layer (unit C). Alterna-
tively, such a structure could be deposited from a muddy 
gravity-flow current below wave base, which would also 
lead to turbulence damping as the flow decelerates and 
mud concentration increases (cf. Baas et al. 2011). The 
wave-enhanced gravity-flow interpretation is supported 
here by the fact that the deposits either grade into or 
are interbedded with, wave-rippled sandstone (F3) and 
gutter casts (see Section 4.1.3).

The Type 2 normally graded, tabular siltstone–clay-
stone beds that lack prominent erosional scour at the 
base are interpreted as muddy gravity-flow deposits 
related to an increasing sea-floor gradient during epi-
sodes of block rotation. This interpretation is supported 
by the presence of intercalated slump deposits (F7). 
However, given the close association with deposits 
showing wave-influenced sedimentary structures, it is 
also possible that wave energy had a role in the forma-
tion of these deposits, and that the lack of unit B in these 
beds could be due to the dominance of clay, rapid flow 
deceleration or both.

The locally occurring Nereites-bearing ichnofabric and 
increasing burrow diameter suggest that oxygen levels 
increased at times during the deposition of F2B to F3. 
Fluctuating bioturbation intensity and soft-sediment 
deformation are also compatible with elevated deposi-
tional rates and common small-scale event deposition. 
The abundant coaly material and plant debris point to 
distal fluvial influence. This is corroborated by Hydro-
gen Index and C30 desmethyl sterane trends, which 
reveal an elevated input of terrigenous organic matter 
(Bojesen-Koefoed et al. 2023, this volume).

Additionally, considering the sedimentological and 
ichnological characteristics as well as the stratigraphic 
position of the facies above dysoxic offshore sedi-
ments (F2A), F2B is interpreted to reflect deposition in 
a wave-influenced and fluvially sourced and tectonically 

Hovikoski et al. 2023: GEUS Bulletin 55. 8349. https://doi.org/10.34194/geusb.v55.8349



GEUSBULLETIN.ORG

active proximal offshore environment with a variable 
sea-floor gradient.

4.1.3 Facies F3: cross-laminated sandstone
Description: F3 is a subordinate, but recurring facies type 
in both cores. It forms a few millimetres to a centimetre 
thick and is commonly interbedded with F2. It is typically 
present in the upper part of coarsening-upward succes-
sions (See 5. Discussion). F3 consists of ripple cross-strat-
ified siltstone and very fine-grained sandstone. The 
ripples are characterised by asymmetrical to symmetri-
cal profiles, irregular lower-bounding surfaces and com-
mon foreset offshoots that persist across the trough 
between ripples and peak again on the next ripple (Fig. 
7D). Locally, the cross-laminated facies show a laterally 
variable erosional lower boundary forming scour-and-fill 
structures that are a few centimetres thick (Figs 7B, F). 
The basal contact may be overlain by parallel-laminated, 
cross-stratified siltstone or very fine-grained sandstone 
onlapping the laterally limited basal scour. At the top, 
the siltstone–sandstone unit may be overlain by clay-rich 
mud drapes up to 1 cm thick (Figs 7B, F). On the GR log, F3 
is not always clearly expressed (due to the thin layers) but 
shows variable values of c. 80–120 API. F3 is commonly 
unbioturbated. In a single example, probable Nereites 
intensively burrow the overlying mud drape (BI 0–5).

Interpretation: Irregular lower bounding surfaces, bun-
dling of laminae, foreset offshoots and locally occurring 
symmetrical ripple profiles suggest wave influence in 
the formation of the ripples (e.g. Reineck & Singh 1986). 
The laterally limited, relatively deep scour-and-fill struc-
tures showing onlapping lamina contacts over the basal 
erosional surface are interpreted to be storm-generated 
gutter casts (Myrow et al. 2002).

4.1.4 Facies F7: slumps
Description: In the Brorson Halvø-1 core section, F7 is 
a common facies type in the lower Volgian of the Ber-
nbjerg Formation and a dominant facies in the middle 
Volgian Lindemans Bugt Formation. It forms decimetre- 
to metre-scaled intervals and consists of slumped mud-
stone (F1) or heterolithic sediments (F2; Fig. 5C).

Interpretation: F7 is interpreted to record downslope 
mass wastage due to episodes of increased sea-floor 
gradients under block rotation.

4.2 Palnatokes Bjerg Formation
The Palnatokes Bjerg Formation in the two cored bore-
holes consists of two facies: F4 of the Albrechts Bugt 
Member and F5 of the Rødryggen Member. The latter 
only occurs in the Brorson Halvø-1 borehole and is sub-
divided into two subfacies.

4.2.1 Facies F4: bioturbated calcareous 
mudstone
Description: F4 is a broad facies type, which forms the 
Albrechts Bugt Member interval. It is dominated by 
bioturbated fossiliferous mudstone, which has a vari-
able amount of sand and calcite cement in the matrix. 
Locally, the deposits consist of variably bioturbated 
interlaminated grey mudstone and light grey calcareous 
mudstone. Near the top of the Albrechts Bugt Member, 
the facies appears structureless and contains shell frag-
ments. F4 is generally characterised by a high fossil con-
tent. Buchia bivalves are especially common. Lithological 
accessories include abundant pyrite. 

F4 is typically intensively bioturbated (BI 3–6) with a 
relatively low-diversity trace fossil assemblage domi-
nated by Zoophycos and Chondrites of various sizes or 
cryptobioturbation (Fig. 8A, B). Chondrites cross-cut or 
reburrow other trace fossils. Secondary trace fossils 
include palimpsest grazing structures as well as rare 
Siphonichnus and Thalassinoides (Figs 8B, C). 

Interpretation: The ubiquitous biogenic reworking in 
this facies precludes detailed process interpretation. 
However, given the depositional setting, grain size and 
the nature of the underlying succession, it is likely that 
hemipelagic settling and dilute gravity-flow processes 
were prevalent. The change from the unburrowed black 
mudstones of the Lindemans Bugt Formation to the 
fully bioturbated calcareous mudstones of the Albrechts 
Bugt Member points to an environmental shift from 
an anoxic basin to an oxic basin with limited input of 
clastic sediment. The very low clastic sediment input 
is interpreted to be due to the late syn-rift paleogeo-
graphic configuration (compartmentalised basin) and 
eustatic sea-level rise (Surlyk 1978). In summary, F4 is 
interpreted to represent sediment-starved deposits in a 
transgressed tilted fault-block setting. 

4.2.2 Facies F5: red calcareous mudstone
Description: F5 forms the Rødryggen Member interval in 
the Brorson Halvø-1 borehole. It consists of bioturbated 
red mudstone (Fig. 8D–G), which has a variable carbon-
ate content in the matrix; earlier works have shown that 
the red colour is due to haematite (Alsen 2006). F5 is 
typically fully bioturbated (BI 6) exhibiting Zoophycos, 
Chondrites, Siphonichnus, ?Nereites and burrow mottling.

Facies F5 is divided into 2 subfacies. The first, F5A, 
consists of intensively bioturbated (burrow mottled), 
structureless red mudstone (Fig. 8F). Sand content is 
variable. The second subfacies, F5B, comprises bio-
clast-rich red mudstone and is characterised by a lower 
and fluctuating bioturbation intensity (BI 0–6). It con-
tains sharp-based, shell hash beds that are a few centi-
metre thick (Fig. 8D). In addition, dispersed Inoceramus 
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fragments with borings (Fig. 8G) and millimetre-scale 
rounded mud-clasts are very common locally.

Interpretation: The strongly composite biogenic fabric 
and the trace fossil assemblage point to a condensed, 
relatively deep, marine environment. The sharp-based 
shell-hash beds and locally incomplete bioturbation 
intensity in F5B are indicative of event deposition, prob-
ably due to gravity-flow events on a slope. Earlier field-
work has demonstrated that the Rødryggen Member is 
restricted to fault-block crests (Surlyk 1978). Given the 
sedimentological and ichnological evidence discussed 
here, F5 is interpreted to record sedimentation on an 
oxygenated submarine high in a deep marine setting 
(See 5. Discussion).

4.3 Stratumbjerg Formation
In the two borehole sections presented here, the Stra-
tumbjerg Formation is represented only in the upper-
most levels of the Brorson Halvø-1 core.

4.3.1 Facies F6: bioturbated mudstone
Description: The interval referred to F6 in the Brorson 
Halvø-1 core is poorly preserved, consisting mainly of 
rubble. It comprises fully bioturbated (BI 6) light grey to 
greenish mudstone (Fig. 8G). The deposits contain Chon-
drites of different sizes, diminutive Zoophycos, palimp-
sest grazing structures (Helminthopsis and ?Nereites) and 
rare Thalassinoides. Chondrites commonly re-burrow 
other trace fossils. Inoceramus fragments and pyrite are 
common. The mudstone has a variable carbonate con-
tent, and concretionary beds are present locally.

Interpretation: The fine-grained lithology, the fully bio-
turbated fabric, the present ichnogenera and the lack 
of other forms suggest sub-storm wave-base basinal 
environment. The trace fossil content is not essentially 
different from that of the underlying Palnatokes Bjerg 
Formation. In outcrop, the Stratumbjerg Formation is 
characterised by a regionally extensive grey mudstone 
succession with occasional thin sandy turbidites (Bjer-
ager et al. 2020). Thus, the F6 mudstone facies in the 
uppermost Brorson Halvø-1 core probably represents a 
transitional variant recording the initial change towards 
renewed clastic sediment deposition in the area.

5. Discussion
The two drill cores provide an insight into mud accumu-
lation in a distal fault block through almost a full rift cycle. 
Whereas most of the previous research in the area has 
concentrated on characterisation of the coarse-grained 
gravity-flow systems in the coast-attached proximal 
fault block (e.g. Surlyk 1978; Henstra et al. 2016), the 
coeval sediments in distal areas have remained poorly 

documented. Notably, distal sediments corresponding 
to the rift-climax phase were practically unknown prior 
to this drilling program.

The facies recorded in the cores are diverse, 
reflecting sedimentation in the following settings: (1) 
storm-affected, oxygen-depleted deltaic shelf (Bern-
bjerg Formation; Fig. 9A); (2) basin floor and slope in a 
dysoxic–anoxic half-graben (Lindemans Bugt Forma-
tion; Fig. 9B) and (3) sediment-starved deep half-graben 
under oxic conditions (Palnatokes Bjerg Formation). 
Finally, the top Brorson Halvø-1 core extends into the 
Barremian, which records the gradation to (4) regionally 
continuous basinal mud accumulation under waning 
rifting (Stratumbjerg Formation).

Recently, Hovikoski et al. (2023) summarised the dep-
ositional and tectonostratigraphic evolution of the black 
mudstone succession and broad-scale changes in bottom 
oxygenation during the rifting. Here, we revisit the depo-
sitional evolution and further discuss the main facies.

5.1 Bernbjerg Formation (Kimmeridgian – 
lower Volgian)
The sedimentary facies indicate that the Bernbjerg For-
mation represents an essentially aggradational muddy 
shelf succession that was fed by fine-grained fluvial 
systems (Fig. 9A; see also Surlyk & Clemmensen 1983). 
In addition to macroscopic observations of common 
coalified wood fragments and plant debris, the prodel-
taic nature is well-documented by organic geochemistry 
data, which indicate a prominent input of terrigenous 
organic matter (Bojesen-Koefoed et al. 2023, this vol-
ume; Hovikoski et al. 2023). The seaway was influenced 
by south-orientated axial currents (Hovikoski et al. 2023), 
which allowed along-coast dispersal of the river-supplied 
sediments. The Upper Cretaceous Dunvegan Forma-
tion of Canada represents an analogous scenario (Plint 
2014). Water depth ranged from a sub-storm wave-base 
offshore setting (F1; mainly laminated mudstone) to 
proximal offshore (F2B, F3; cross-laminated heteroliths 
and sandstone) and incipient slope environments (F7; 
slumps) below and above storm wave-base. The slope 
environment started to evolve, especially during the 
early Volgian when rifting accelerated. Elemental redox 
data and the distribution of bioturbation indicate fluctu-
ating redox conditions in a generally hypoxic setting (see 
Hovikoski et al. 2023).

Facies alternations occur on several scales ranging 
from millimetre- to centimetre-scale facies alternations 
to depositional or tectonic cycles up to several tens of 
metres thick. The formation consists of several subtle, 
irregular transgressive–regressive and regressive cycles 
c. 10–30 m thick that individually comprise apparently 
chaotic facies alternations and rare, poorly developed 
higher-frequency depositional successions some metres 
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thick. An ideal, major upward-coarsening succession 
consists of F1, F2A, F2B and F3, reflecting progradation 
from dominantly low-energy dysoxic offshore condi-
tions to proximal offshore with a higher frequency of 
depositional events. This ideal coarsening-upward trend 
is complicated by syntectonic influence, which affected 

depositional rate, bottom gradient, water depth and 
sediment source areas. Particularly from the lower Vol-
gian and on, contrasting depositional rates are recorded 
by the two cores: The P. elegans – P. wheatleyensis ammo-
nite chronozone interval is c. 30 m thick in the Rødryg-
gen-1 core, whereas the corresponding interval in the 
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Fig. 8 A–C: Examples of bioturbated marl (F4) characteristic of the Albrechts Bugt Member. Panel A is dominated by Zoophycos (Zo), whereas B illus-
trates common Chondrites (Ch) that cross-cut and re-burrow palimpsest traces. sbb: – spreite-bearing burrow potentially representing Rhizocorallium. 
C shows potential pyritised Siphonichnus (?Si). A and B from Rødryggen-1, interval around 20.5 m; C from Rødryggen-1, 10.5 m. D–G: Facies examples 
of red bioclast-rich mudstones of the Rødryggen Member (F5). Panels D and E show occasional shell beds and scattered shell fragments in variably 
burrow-mottled fabric (F5B). Visible traces include Zoophycos. F illustrates intensively bioturbated structureless red mudstone (F5A). Panels D, E and F 
from Brorson Halvø-1, 20 m, 22 m and 28 m, respectively. Panel G is a thin section micrograph illustrating bored (bo) inoceramid fragments in sandy 
mudstone. Brorson Halvø-1, 9.7 m. H: Bioturbated grey mudstone (F6) from the basal part of the Stratumbjerg Formation. Two size classes of Chon-
drites reburrowing Thalassinoides (Th). Brorson Halvø-1, 6.5 m.
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Brorson Halvø-1 core is >100 m thick (Alsen et al. 2023, 
this volume). Due to these factors, as well as increasing 
clay laminae thickness in higher energy facies (F3), the 
coarsening-upward successions are commonly poorly 
expressed on the GR log.

Fining-upward successions related to transgressive 
phases are best developed in the lower part of the 
Bernbjerg Formation (Kimmeridgian). These succes-
sions characteristically contain F1C beds, interbedded 
with F1B or F2. On the GR log, the successions are only 
weakly developed but are identifiable as serrated, gen-
erally increasing GR trends, punctuated by recurrent 
beds with low GR values (e.g. Brorson Halvø-1, 202–195 
m). The stacking patterns of the major cycles suggest a 
maximum flooding zone in the upper part of the Kimme-
ridgian, around 178 m in the Brorson Halvø-1 core. This 
is followed by an overall progradational trend, the zone 

of maximum regression being situated at around 100 m, 
in the lower Volgian P. elegans zone.

5.1.1 Sedimentary event beds and laminae
Although the lithology of the Bernbjerg Formation is gen-
erally fine-grained, indications of erosion, laminae-scale 
event deposition and traction currents are widespread. 
Event deposition is recorded as wave ripples, scour-and-
fill structures (gutter casts), convergent lamination point-
ing towards putative mud floccule ripples (Schieber et al. 
2007) and associated silt–clay interlamination with pinch-
outs and lenticular laminae (Figs 6, 7; Yawar & Schieber 
2017). Furthermore, normally graded siltstone–claystone 
beds, interpreted as muddy gravity flows, and probable 
wave-enhanced gravity-flow deposits occur frequently 
(Macquaker et al. 2010; Plint 2014). Although similar 
structures may result from pure gravity-flow processes 
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Fig. 9 Tectonostratigraphic–depositional scenarios of the Wollaston Forland area during the Late Jurassic – Early Cretaceous (modified from Hovikoski 
et al. in 2023). A: Kimmeridgian fluvially-sourced shelf influenced by along-coast sediment dispersal. The arrow indicates the main sediment transport 
direction, and red dots indicate borehole positions. DF: Dombjerg fault. HF: Hühnerbjerg fault. B: Middle Volgian – Ryazanian half-graben. The model 
shows major uplift along the Dombjerg fault and the development of the coarse-grained fan deltas of the Rigi Member (Lindemans Bugt Formation) 
in the coastal fault block (Surlyk 1978, 2003). The fan delta-related gravity flows were blocked by the uplifted Kuppel fault (KF) crest, which defined the 
western margin of the Permpas/Hühnerbjerg block(s). The hiatuses present in the Brorson Halvø-1 core indicate coeval uplift pulses along the Hüh-
nerbjerg block crest. R-1: Rødryggen-1 borehole. BH-1: Brorson Halvø-1 borehole. Subfacies F1C and F1AB along with facies F2–3 and F7 are shown.
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below wave-base, their close association with gutter casts 
and wave ripples points to the involvement of storm-
wave processes. Such structures are also missing from 
the Lindemans Bugt Formation, which is interpreted to 
represent a sub-storm wave-base basinal and slope envi-
ronment (see Section 5.2). 

Clay-rich mud layers can be up to 1 cm thick at the 
top of normally graded event beds. Their structureless 
and seemingly ungraded nature coupled with com-
mon soft sedimentary deformation features (loading, 
slump-folding) suggest high water content and probably 
a fluid mud component in sedimentation.

Many sand-bearing event beds such as gutter casts 
pinch-out rapidly and are laterally equivalent to mud-
on-mud contacts. The mud-rich ripples range from 
well-defined cross-lamination with sand interlaminae 
(Fig. 6H) to subtle silt–clay laminae sets showing lateral 
thickness variations and convergent laminae (Fig. 6F, 
G). Such occurrences are commonly observed adjacent 
to small, laminae-confined slump intervals, which may 
suggest that an increased slope gradient enhanced the 
mud-ripple development. 

Overall, the observed facies are similar to those 
reported from other storm-affected Mesozoic mud-
stone successions, including the Cretaceous Dunvegan 
Formation (Plint 2014) and the Mowry shale (Macquaker 
et al. 2010; Lazar et al. 2022) from the Western Interior 
Seaway. Other examples include the Jurassic Cleveland 
Ironstone Formation, the Whitby Mudstone Formation 
(Ghadeer & Macquaker 2011) and some intervals of the 
Kimmeridge Clay Formation, UK (e.g. Wignall 1989; Mac-
quaker & Gawthorpe 1993).

5.2 Lindemans Bugt Formation (middle  
Volgian – late Ryazanian)
In the Brorson Halvø core, the base of the Lindemans Bugt 
Formation is marked by a major hiatus or stratigraphic 
condensation as indicated by biostratigraphic data (Alsen 
et al. 2023, this volume). Similarly, the upper boundary of 
the formation is demarcated by a hiatus spanning from 
the middle Volgian to the late Ryazanian. These uncon-
formities testify to further intensified tectonic activity in 
the Wollaston Forland area during the middle Volgian 
(Surlyk 1978, 2003). This rift climax resulted in tilted fault-
block development and basin segmentation, lasting until 
the early late Ryazanian. The Brorson Halvø-1 borehole is 
situated near the elevated hanging-wall crest of the Per-
mpas fault block about 30 km east of the main fault zone 
(the Dombjerg fault). During the middle Volgian, major 
conglomeratic fan deltas developed east of the Domb-
jerg fault (Surlyk 1978; Henstra et al. 2016). The eastern 
limit of the submarine fan delta deposits was controlled 
by the Kuppel Fault, which defined the western margin of 

the Permpas block (Figs 1 and 9B). Due to basin segmen-
tation and changes in sediment source areas, the Perm-
pas block became isolated from the main focus of deltaic 
sedimentation and received progressively less terrestrial 
clastic sediment during rifting. This is directly reflected in 
the sedimentary facies exhibited by the Brorson Halvø-1 
core, which suggest transformation into a non-deltaic, 
drowned oxygen-restricted slope (F7: slump) sub-storm 
wave-base slope (F1A, B: structureless to laminated mud-
stone) during the middle Volgian. The presence of the 
two major hiatuses resulted from reduced accommoda-
tion caused by uplift of the block crest.

5.3 Palnatokes Bjerg and Stratumbjerg 
Formations
The change from the Lindemans Bugt Formation to the 
Albrechts Bugt Member (Palnatokes Bjerg Formation) 
in the Rødryggen-1 core is gradational, occurring within 
1 m of this boundary—a major hiatus in the Brorson 
Halvø-1 section. Above this boundary, the clastic sedi-
ment input decreased, and the environment became 
oxygenated as indicated by bioturbation and elemental 
redox proxies (Hovikoski et al. 2023). The change from 
black mudstone deposition to a ventilated basin with 
calcareous sedimentation is recognised supraregion-
ally as an oceanographic change accompanied by the 
appearance of nannofossils with Tethyan influence 
(Pauly et al. 2013).

The interpretation of limited clastic input and low 
sedimentation rate is supported by the increased fossil 
content, increased bioturbation intensity, composite ich-
nofabrics (cross-cutting, re-burrowing) and the nature of 
the ichnofauna (Zoophycos- and Chondrites-dominated, 
low diversity ichnofabric). Moreover, the estimated bulk 
depositional rates are low (Hauterivian depositional rate 
c. 5.6 m/Myr; Hovikoski et al. 2023). In comparison to 
coeval outcrop data from the proximal fault block (Hov-
ikoski et al. 2018), land-derived turbidites are absent, 
indicating continued detachment from coastal deposi-
tional systems in the studied fault block.

In the Brorson Halvø-1 section, the Albrechts Bugt 
Member grades into the Rødryggen Member at around 
30 m depth, marked by a shift in the sedimentary facies 
to red bioclastic mudstones. Sedimentary facies sug-
gest a more common gravity-flow component than in 
the Albrechts Bugt Member suggestive of an increasing 
slope gradient and a rift pulse or multiple rift pulses.

Piasecki et al. (2020) recently described coarse clastic 
sediments of the Falske Bugt Member (Palnatokes Bjerg 
Formation) near the Falkebjerg ridge, some kilometres 
east of the Brorson Halvø-1 drill site (Fig. 1), indicative of 
intensified rift activity in this region during the Valangin-
ian–Barremian. Barremian syn-rift conglomerates are 
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not known from western fault systems (e.g. Dombjerg 
Fault), potentially suggesting that the rift climax per-
sisted longer in the east. Unlike the deposits of the Falske 
Bugt Member, the coeval gravity flows of the Rødryggen 
Member comprise bioclasts and mud-clasts pointing to 
a limited or absent extraformational sediment source. 
This observation is compatible with localised footwall 
uplift and a compartmentalised basin.

The setting gradually returned to an oxygen-restricted, 
sub-storm wave-base, deep basinal environment during 
the late Hauterivian (basal Stratumbjerg Formation, F6). 
The sediments record decreasing biogenic carbonate 
accumulation and the renewed increase in clastic sedi-
ment input. In outcrop, the basal boundary of the Stra-
tumbjerg is variably developed, being either conformable, 
as observed in the Brorson Halvø-1 core, or hiatal, erod-
ing into the Bernbjerg Formation (Bjerager et al. 2020). In 
Wollaston Forland, this contact records waning rift activ-
ity, increased thermal subsidence and disappearance of 
rift-basin morphology.

6. Conclusions
The Rødryggen-1 and Brorson Halvø-1 drill cores offer 
an insight into marine mud accumulation in an evolving 
distal fault block. The full core recovery, almost pristine 
preservation of the facies, stratigraphic continuity and 
the well-established biostratigraphic framework make 
the cores one of the best stratigraphic–sedimentologi-
cal data points of the Jurassic–Cretaceous boundary and 
Kimmeridge Clay equivalent in northern high latitude 
regions. In particular, the Kimmeridgian – lower Volgian 
hypoxic shelf setting allowed exceptional preservation 
of subtle sedimentary structures in very thinly bedded 
mudstones recording distinct depositional events and 
traction currents and contributing to a general under-
standing of the processes governing mud accumulation.

The cores document that black mudstone accumula-
tion extended through the Kimmeridgian – early Ryaza-
nian (late) early rift and rift climax phases (Bernbjerg 
and Lindemans Bugt Formations). The facies suggest 
that the early rift hypoxic prodeltaic shelf was charac-
terised by suspension settling, starved wave ripples, 
scour-and-fill structures, putative mud floccule ripples 
and mud-dominated gravity-flow deposits. During the 
rift climax phase, the depositional environment evolved 
into a narrow half-graben characterised by bioclas-
tic and pyrite-rich black mudstones. These deposits 
document hemipelagic suspension settling and gravi-
ty-flow or mass-wasting deposition in sub-storm wave-
base, dysoxic, anoxic to euxinic slope and basin-floor 
environments.

The Ryazanian–Valanginian late syn-rift setting expe-
rienced a supra-regional oceanographic change and 
improved ventilation, which is reflected in the deposition 

of deep marine marls (Albrechts Bugt Member, Pal-
natokes Bjerg Formation). Condensed, red bioclastic 
mudstones with a common gravity-flow component 
characterised the Hauterivian, which probably recorded 
an eastward shift in fault activity and final blanketing of 
the submerged fault-block crest (Rødryggen Member, 
Palnatokes Bjerg Formation). The top of the cored suc-
cession is marked by the appearance of dark grey bio-
turbated mudstones of Barremian age, recording the 
onset of regionally continuous deep marine clastic mud 
accumulation in thermally subsiding basins.

Thus, although superficially monotonous, detailed 
facies analysis of the mudstone-dominated succession 
exhibited by the Rødryggen-1 and Brorson Halvø-1 bore-
holes reveals a highly dynamic depositional system that 
reflects shifting marine processes under varied hydrody-
namic conditions, at different water depths and varied lev-
els of bottom oxygenation during almost a full rift cycle. 
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Abstract
The influence of rifting on the composition of Kimmeridgian to Barremian mudstones from northern 
Wollaston Forland, North-East Greenland is investigated by petrographic and mineralogical analyses 
of the Brorson Halvø-1 and Rødryggen-1 cores, and provenance analysis by zircon U-Pb age dating of 
nearby sandstones. Mudstone composition varies systematically as a function of the timing of rifting 
progression and position in the half-graben depositional system. Pyrite primarily precipitated in the 
early rift to rift climax phases. Euhedral pyrite overgrowths on framboids formed only during the rift 
climax phase (Lindemans Bugt Formation). Dolomite is the dominant carbonate cement, except for 
the sediments deposited in the early waning rift phase (Palnatokes Bjerg Formation) where calcite is 
dominant, and in the late waning rift phase (Stratumbjerg Formation) where siderite dominates. The 
highest-temperature reactions with precipitation of illite, quartz, ankerite and barite signify sediment 
burial depths of >2 km prior to exhumation. Uplift-induced fracturing occurred mainly in the early rift 
to rift acceleration succession (Bernbjerg Formation). Mudstones in the proximal part of the half-gra-
ben (Rødryggen-1) include more detrital kaolinite than the distal mudstones (Brorson Halvø-1), which 
contain more mixed-layer illite-smectite and illite. Vermiculite was deposited only in the proximal 
part of the basin in the rift climax and waning rift successions. Chlorite was deposited proximally 
and distally during the waning rift phase, though supply began earlier in the distal part. Fine-grained 
sediment in the distal part of the half-graben was therefore probably supplied by axial transport from 
Palaeoproterozoic crystalline rocks and Meso- to Neoproterozoic metamorphic rocks located to the 
north and north-west. This agrees with the zircon provenance signature from outcropping sand-rich 
facies, where zircon grains with U-Pb ages of 2.0–1.6 Ga are dominant, in addition to common 1.6–0.9 
Ga ages, and fewer 2.8–2.6 Ga and 0.47–0.36 Ga ages.
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1. Introduction
The archetypal half-graben setting has an ample sediment supply and can be 
divided into several sedimentation zones related to proximity to bounding 
faults and rift evolution (Surlyk 1978; Gawthorpe & Leeder 2000). This sub-
division contributes to evaluations of sediment distribution in basins. More-
over, when knowledge of structural evolution is combined with information 
on basement rocks in a hinterland area and sediment delivery systems, 
changes in sediment composition can be linked to source changes over time. 

Possible trends in sediment composition are not well-known in distal 
marine half-grabens that may be largely isolated from coarse-grained clas-
tic input by coast-parallel submarine rift shoulders. Such a setting results 
in axial sediment transport and mudstone deposition, particularly in basins 
detached from the coastal area. Therefore, the Rødryggen-1 and Brorson 
Halvø-1 cores from northern Wollaston Forland in North-East Greenland 
(Fig.  1) were used in this study to investigate the proximal versus distal 
development of a mudstone-dominated half-graben succession deposited 
during Late Jurassic to Early Cretaceous rifting. Organic-rich black shales 
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have accumulated in many contemporaneous basins, 
especially in the northern hemisphere (Langrock et al. 
2003; Mutterlose et al. 2003; Rogov et al. 2020), so the 
findings of this study facilitate the prediction of mud-
stone composition in such basins.

The Rødryggen-1 and Brorson Halvø-1 boreholes 
were drilled in 2009–2010 to depths of 234.5 and  
225.7 m, respectively, covering Kimmeridgian to Barre-
mian sediments (Fig. 2) that represent prolonged mud-
stone deposition in an evolving half-graben setting. The 
studied half-graben was bounded by north–south-orien-
tated fault crests delimiting this basin from the rest of 
the rift system and from the palaeo-coast to the west 
(Surlyk 1978). Late Jurassic – Early Cretaceous rifting was 
widespread along the Norwegian–Greenland Seaway, 
which connected the proto-Arctic to the proto-North 
Atlantic (e.g. Stoker et al. 2017).

We aim to address two main research questions 
in this study: (1) How do the different phases of half- 
graben development (i.e. early rift, rift acceleration, rift 

climax, waning rift) affect the composition of the depos-
ited sediment in a mudstone-dominated environment? 
(2) To what extent does the sediment composition dif-
fer between the two cores that represent the proximal  
versus distal parts of the half-graben system?

2. Geological setting
The Greenlandic craton consists mainly of crystalline base-
ment, which is exposed at the rim of the Greenland ice 
sheet and in tectonic windows in the Caledonides (Fig. 1; 
Henriksen et al. 2008; Kalsbeek et al. 2008a). The sediment 
source areas relevant for this study are present within the 
East Greenland Caledonian fold belt, which originated from 
the Laurentia–Baltica continental collision that took place 
in late Cambrian to early Devonian time (McKerrow et al. 
2000; Smith & Rasmussen 2008). The orogenesis caused 
westwards thrusting of crystalline complexes of Archaean 
to Palaeoproterozoic age, metasediments of the Krum-
medal and Smallefjord sequences of Mesoproterozoic to 
early Neoproterozoic age, metasediments of the Eleonore 

Fig. 1 Geological map of North-East Greenland based on Stemmerik et al. (1997), Henriksen et al. (2008) and Kalsbeek et al. (2008a). Detailed map of Wol-
laston Forland based on the digital Greenland geological map at a scale of 1:500 000 and the printed map series at a scale of 1:100 000. The locations of 
the Rødryggen-1 and Brorson Halvø-1 boreholes and the samples for zircon U-Pb age dating are shown.
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Bay Supergroup of Neoproterozoic age and sediments of 
Neoproterozoic to Silurian age (Kalsbeek et al. 2000, 2008b; 
Watt et al. 2000; Thrane 2002; Higgins et al. 2004).

Caledonian metamorphism, migmatization and gran-
ite intrusion took place in Ordovician to Silurian times, 
and the crustal thickening resulted in continental sedi-
mentation during the Devonian, followed by post-Cale-
donian terrestrial and marine sedimentation in the 
Carboniferous to Palaeogene (Stemmerik et  al. 1992; 
Kalsbeek et al. 2001; Gilotti et al. 2008; Larsen et al. 2008). 
Late Triassic – Middle Jurassic thermal subsidence in the 
sedimentary basins was followed by Middle Jurassic 
rifting that was succeeded by transgression in the Late 
Jurassic and then renewed rifting, which culminated in 
the latest Jurassic – earliest Cretaceous (Surlyk 2003). 

The Wollaston Forland peninsula provides one of the 
most complete stratigraphic records of the Jurassic and Early 
Cretaceous in North-East Greenland (Fig. 1). The cored sec-
tion covers the Kimmeridgian to lower Barremian interval, 

which is divided into four formations: (1) the Bernbjerg 
Formation, (2) the Lindemans Bugt Formation (Storsletten 
Member), (3) the Palnatokes Bjerg Formation (Albrechts 
Bugt and Rødryggen Members) and (4) the Stratumbjerg 
Formation (Fig. 2). The Bernbjerg Formation spans the late 
Oxfordian to the early Volgian and forms an up to 500–600 
m thick black mudstone – shale succession that accumu-
lated in a tectonically-affected shelf setting (e.g. Surlyk et al. 
2021). Rifting intensified during the Volgian, fragmenting 
the basin into a series of narrow, 10–30 km wide, westward 
tilted, fjord-like half-grabens. Major conglomeratic subma-
rine fan-delta systems (Lindemans Bugt Formation, Rigi 
Member) developed in the most proximal fault block reach-
ing a maximum thickness of 2 km (Surlyk 1978; Henstra 
et al. 2016). The coeval palaeoenvironmental development 
in more distal fault blocks has remained poorly understood 
due to lack of outcrops but is well-recorded in the studied 
cores. The new data indicate deep basinal sedimentation 
(distal part of Lindemans Bugt Formation) and detachment 
of the Permpas–Hühnerbjerg Blocks (in which the studied 
boreholes are located) from the coastal deltaic systems 
(Hovikoski et al. 2023a (this volume), b).

The rift climax lasted until the Valanginian and was fol-
lowed by waning rift activity and transgression in the west-
ern part of the study area (Surlyk 1978, 1984, 1990, 2003). 
An up to 600 m thick succession of gravity-flow deposits 
with conglomerates and sandstones (Palnatokes Bjerg For-
mation, Young Sund Member) accumulated in the proximal 
fault block, whereas fossiliferous mudstones (Albrechts 
Bugt and Rødryggen Members) were deposited in basinal 
areas and on submarine block crests (Surlyk 1978, 1984, 
2003; Surlyk & Korstgård 2013; Hovikoski et al. 2018). The 
Rødryggen-1 and Brorson Halvø-1 cores penetrate both 
mudstone members. New biostratigraphic data (Nøhr-Han-
sen et  al. 2020; Alsen et  al. 2023, this volume) suggest a 
Valanginian to Hauterivian age for these deposits. Towards 
the east, fault activity continued until the Barremian and 
led to the deposition of the coarse-grained Falskebugt 
Member (Piasecki et al. 2020). During the late Hauterivian, 
deposits of the Palnatokes Bjerg Formation were drowned 
and succeeded by sub-storm wave-base bioturbated mud-
stones of the Stratumbjerg Formation (Bjerager et al. 2020). 
A several metres thick upper Hauterivian to lower Barre-
mian interval of the lowermost Stratumbjerg Formation is 
recorded at the top of the Brorson Halvø-1 core (Alsen et al. 
2023, this volume) and younger parts of the formation of 
Barremian to Albian age are present in outcrops near the 
drill site (Piasecki et al. 2020).

3. Methodology

3.1 Petrography
The petrographic and mineralogical characteris-
tics of cemented and laminated mudstones in the 

Fig. 2 Stratigraphic scheme with vertical lines showing the Rødryggen-1 
(RØ-1) and Brorson Halvø-1 (BH-1) cored successions. Al: Albrechts 
Bugt Mb. B: Bernbjerg Fm. Ba: Bastians Dal Fm. J: Jakobsstigen Fm. L: 
Laugeites Ravine Mb. Li: Lindemans Bugt Formation. Li (S): Lindemans 
Bugt Fm (Storsletten Mb). Mu: Muslingebjerg Fm. N: Niesen Mb. Pa: Pal-
natokes Bjerg Fm (Young Sund Mb). Pay: Payer Dal Fm. Pe: Pelion Fm. R: 
Rødryggen Mb. Ri: Rigi Mb. Str: Stratumbjerg Fm. Ug: Ugpik Ravine Mb. 
Modified from Bojesen-Koefoed et al. 2023a, this volume).
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Rødryggen-1 and Brorson Halvø-1 cores were stud-
ied by transmitted and reflected light microscopy as 
well as by scanning electron microscopy (SEM). Sam-
ples of fracture fillings and sandy intervals were also 
examined. Polished thin sections were prepared from 
selected intervals in the cores representing diage-
netic features characteristic of the different types of 
lithologies. The thin sections were impregnated with 
blue epoxy to ease identification of open pore space. 
Half of each thin section was etched and stained 
with sodium cobaltinitrite to facilitate K-feldspar 
identification. The SEM analyses were performed at 
the Geological Survey of Denmark and Greenland  
(GEUS) using a Philips XL40 SEM equipped with a 
ThermoNoran Energy Dispersive X-ray spectrometry 
(EDS) detector that was used to analyse the chemis-
try. Selected samples were studied with a backscat-
tered electron (BSE) detector on carbon-coated thin 
sections and with a secondary electron (SE) detector 
on gold-coated rock chips. The mineralogy of each 
type of lithology present in the Rødryggen-1 and 
Brorson Halvø-1 cores was analysed by X-ray diffrac-
tion (XRD) at the University of Copenhagen, Denmark, 
and GEUS. The edge of the core was removed to avoid 
contamination. The bulk mineralogy was measured 
on a Bruker Advance D8 diffractometer with a Lynx-
Eye detector using samples crushed to <63 μm apply-
ing the Bragg–Brentano method. Semi-quantification 
of the bulk mineralogy was obtained by the Rietveld 
method (Rietveld 1969; McCusker et  al. 1999). The 
clay fraction analysis was carried out on a Philips 
1050 goniometer with fixed divergence, anti-scatter 
slits and Co-Kα radiation (pulse high selection and 
Fe-filter). Chemical pre-treatment with NaOCl at pH 
9.0 was used to remove organic matter. The sam-
ples were dispersed ultrasonically in distilled water 
to acquire the clay fraction (<2 µm). The >30 µm 
fraction was removed by density separation and the 
intermediate fraction by centrifugation in a centrifu-
gal particle size analyser (Slater & Cohen 1962). The 
suspensions were flocculated in 1 M NaCl, and excess 
salt was removed by centrifugation and washing with 
water and ethanol. Three orientated specimens were 
made for each sample by the pipette method, com-
prising Mg-saturated air-dry, Mg-saturated with glyc-
erol, and K-saturated air-dry heated at 300°C for 1 h. 
An X-ray diffractogram was produced for each of the 
saturated specimens on which the discrete minerals 
were identified from peak positions (Hillier 2000) and 
semi-quantified by application of correction factors.

3.2 Zircon U-Pb geochronology 
The Rødryggen-1 and Brorson Halvø-1 cores did not 
contain sufficiently coarse material to apply detrital 

zircon U-Pb age dating methods. Instead, outcrop sam-
ples collected from three locations east of the Rødryg-
gen-1 drill site and a location situated north-east of 
the Brorson Halvø-1 drill site were used for the prov-
enance analysis (Fig.  1). The samples collected near 
the Rødryggen-1 drill site consist of silty sandstone 
to sandy siltstone belonging to the Bernbjerg Forma-
tion, corresponding to the lower part of the cored 
succession. The sandstone sampled near the Bror-
son Halvø-1 drill site belongs to the Albian part of the 
Stratumbjerg Formation, so it is younger than the part 
of the formation encountered in the Brorson Halvø-1 
core. The detrital zircon U-Pb age analyses were per-
formed by laser ablation inductively coupled plasma 
mass spectroscopy (LA-ICP-MS) at GEUS. Samples were 
crushed and sieved to retrieve the grain-size fraction 
<500  µm. A water-shaking Wilfley table was used to 
obtain heavy mineral concentrates. Zircon grains were 
hand-picked in a random way to ensure that a range of 
grain sizes, shapes and colours were included. The pol-
ished epoxy mount with the zircon grains was cleaned 
in an ultrasonic bath with propanol and loaded into 
the sample cell of the laser ablation system for radio-
metric age dating. The data were acquired with a sin-
gle spot analysis on individual zircon grains. A  beam 
diameter of 30 µm and a crater depth of c. 15–20 µm 
were used. The  amount of ablated material was c.  
200–300 ng for the ablation time of 30 sec. The ablated 
material was analysed on an Element2 (Thermo Fin-
nigan) single-collector, double focusing, magnetic 
sector-field, inductively coupled plasma mass spec-
trometer with a fast-field regulator for increased scan-
ning speed. The total acquisition time was 60 sec for 
each analysis, of which the first 30 sec were used to 
measure the gas blank. The instrument was tuned to 
give large, stable signals for the 206Pb and 238U peaks, 
low background count rates (typically around 150 
counts per second for 207Pb) and low oxide produc-
tion rates (238U16O/238U generally below 2.5%). 202Hg, 
204(Pb+Hg), 206Pb, 207Pb, 208Pb, 232Th and 238U intensities 
were determined through peak jumping using elec-
trostatic scanning in low resolution mode and with 
the magnet resting at 202Hg. Mass 202Hg was measured 
to monitor the 204Hg interference on 204Pb where the 
202Hg/204Hg ≡ 4.36, which can be used to correct signif-
icant common Pb contributions using the model Pb 
composition of Stacey & Kramers (1975).

Standard-sample bracketing using the GJ-1 zircon 
(Jackson et  al. 2004) was used to correct the elemen-
tal fractionation induced by the laser ablation and the 
instrumental mass bias on measured isotopic ratios. 
Long-term external reproducibility was monitored by 
repeated analyses of the Plešovice zircon standard 
(Sláma et  al. 2008). The reported ages are based on 
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207Pb/206Pb derived ages for the >0.8 Ga (billion years) 
analyses and 206Pb/238U ages for the <0.8 Ga analyses, 
since the latter is more precise for the younger age 
range, and a natural gap between age populations exists. 
The propagation of the analytical errors follows the prin-
ciples of Sambridge & Lambert (1997). Age measure-
ments were discarded if they lacked a stable 207Pb/206Pb 
plateau or for U/Pb or Pb/Pb error >10%. A correction 
for common Pb was applied on a small fraction (≤7%) 
of the concordant analyses from each sample. The data 
are plotted using kernel density estimation (Vermeesch 
2012) employing analyses with <10% discordance. The 
analytical data are reported in Supplementary File S1.

4. Results

4.1 Lithology
The studied succession was deposited during a pro-
tracted rifting episode that is differentiated into four 
discrete rift phases: (1) early rifting during the Kimmerid-
gian part of the Bernbjerg Formation, (2) rift acceleration 
during the Volgian part of the Bernbjerg Formation, (3) 
rift climax during deposition of the Lindemans Bugt For-
mation and (4) waning rifting during deposition of the Pal-
natokes Bjerg Formation (Figs 3 and 4; Surlyk 1978, 2003). 
These major rift phases resulted in significant shifts in 
depositional conditions that are reflected in the lithologi-
cal characteristics observed in the different stratigraphic 
units in the Rødryggen-1 and Brorson Halvø-1 cores.

In the cored sections, the Bernbjerg Formation com-
prises dark grey mudstones with interlaminated coarse 
siltstones to very fine sandstones in some intervals 
(Fig. 5A). The Lindemans Bugt Formation consists of dark 
grey clayey mudstones (Fig. 5C) with a larger content of 
fossils and pyrite than in the Bernbjerg Formation. The 
Albrechts Bugt Member of the Palnatokes Bjerg Forma-
tion comprises light grey mudstones (Fig. 5D) that differ 
from the Lindemans Bugt Formation in being more cal-
careous, sandy and bioturbated. The Rødryggen Mem-
ber of the Palnatokes Bjerg Formation consists of red 
hematitic mudstones with intercalated sandy mudstones 
(Fig.  5E). The Stratumbjerg Formation contains biotur-
bated grey mudstones (Fig.  5F). The sedimentological 
characteristics are described in more detail by Hovikoski 
et al. (2023a, this volume).

Carbonate-cemented intervals occur in all the strati-
graphic units and are characterised by lower gamma-ray 
values (Figs 3, 4) and lighter colours (Fig. 5B). The lighter 
colours are also evident in the microscopic appear-
ance of the cemented mudstones due to the lower 
clay mineral content as compared to the uncemented 
mudstones (Figs 6A, 6B). Pyrite is evident in many core 
intervals as well as various macrofossils, deformation 
structures, faults and fractures (Figs 3 and 4). 

4.2 Detrital components
The mineralogy of the Rødryggen-1 and Brorson Halvø-1 
cores based on XRD analyses is presented in Figs 3 and 
4 for the 27 analysed mudstones and two samples of 
cemented fractures. Quartz is the most abundant min-
eral amounting to 12–48 wt% with an average of 29 wt%, 
which is present as silt- and sand-sized grains in the mud-
stones (Fig. 6C). K-feldspar and plagioclase/albite occurs 
in amounts of up to 11 and 18 wt%, respectively, and each 
of them are present as 6 wt% on average. Petrographic 
analysis of the K-feldspar grains reveals that they are gen-
erally well-preserved, whereas the plagioclase and albite 
grains are often partially dissolved (Fig.  6D). Apatite is 
found as detrital clasts (Fig. 6E) in amounts of 4 wt% on 
average with the highest contents up to 16 wt% occurring 
in a condensed interval in the lower part of Lindemans 
Bugt Formation in the Rødryggen-1 core. 

Calcite is present as detrital clasts, including bio-
clasts in the Palnatokes Bjerg Formation, in both the 
Albrechts Bugt and Rødryggen Members. The Bern
bjerg and Lindemans Bugt Formations are rich in 
organic matter including some coal fragments. Detrital 
heavy minerals are found in accessory amounts and 
comprise primarily ilmenite, leucoxene, rutile, magne-
tite, zircon and garnet in the form of almandine. Mus-
covite could not be differentiated from illite by XRD but 
was observed in thin section. The mica minerals pri-
marily consist of muscovite with subordinate biotite. 
The micas are generally aligned parallel to the lamina-
tion and are often cleaved into thin sheets and bend 
around less ductile grains (Fig. 6C).

Most of the clay minerals are detrital as testified 
by the absence of growth structures and by their tan-
gential orientation around the other detrital miner-
als (Fig.  6F). Kaolinite is present in the matrix of all 
the mudstones and occurs in higher amounts in the 
Rødryggen-1 core than in the Brorson Halvø-1 core 
(Figs 3, 4). Kaolinite is found in amounts up to 17 wt% 
with an average of 10 wt%. Mixed-layer illite-smectite 
is found in amounts of 7 wt% on average with the 
highest contents occurring in the Brorson Halvø-1 
core and especially in the sample from the Stratum-
bjerg Formation where it constitutes 28 wt%. Illite 
occurs with an average of 13 wt% and is more abun-
dant overall in the Brorson Halvø-1 core than in the 
Rødryggen-1 core. The smallest illite contents within 
each well occur in the Palnatokes Bjerg Formation and 
the highest contents of up to 25 wt% are present in the 
Bernbjerg Formation. Some of the illite is authigenic 
as evident by its morphology, but the proportion of 
detrital to authigenic illite cannot be quantified.

Chlorite is found in all samples from the Brorson 
Halvø-1 core (Fig. 6F), except the two deepest samples 
from the Bernbjerg Formation, and its content increases 
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Fig. 3 Mineralogy from XRD of the Rødryggen-1 core plotted with the sedimentological log. Chronostratigraphy from Alsen et al. (2023, this volume). 
See Fig. 4 for legend. Chronostrat.: chronostratigraphy. Lithostrat.: lithstratigraphy. GR: gamma ray. API: American Petroleum Units.
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Fig. 4 Mineralogy from XRD of the Brorson Halvø-1 core shown alongside the sedimentological log. Chronostratigraphy from Alsen et al. (2023, this 
volume). Chronostrat.: chronostratigraphy. Lithostrat.: lithstratigraphy. GR: gamma ray. API: American Petroleum Units.
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upwards with the highest amount of 18 wt% occurring 
in the Stratumbjerg Formation (Figs 3, 4). In the Rødryg-
gen-1 core, chlorite is only present in the Palnatokes 
Bjerg Formation where it occurs in amounts of 2–4 wt%. 
Vermiculite is not present in the mudstones from the 
Brorson Halvø-1 core except for a small content (1 wt%) 
in the Stratumbjerg Formation. In the Rødryggen-1 core, 

vermiculite is present in all samples from the Lindemans 
Bugt and Palnatokes Bjerg Formations in contents of 4–14 
wt%, whereas it is absent in the Bernbjerg Formation.

4.3 Authigenic minerals
Pyrite is on average 5 wt% and it was the first mineral 
that precipitated in the sediments. Pyrite is present 

Fig. 5 Core photos of the mudstone texture of cemented versus uncemented mudstones. BH-1: Brorson Halvø-1 core. RØ-1: Rødryggen-1 core. A: 
Laminated sandy mudstone. B: Cemented mudstone. C: Laminated pyritic mudstone. D: Bioturbated mudstone. E: Bioclastic hematitic cemented 
mudstone. F: Bioturbated mudstone.

A  Bernbjerg Fm, RØ-1, ~166 m

1 cm

B  Lindemans Bugt Fm, Storsletten Mb, RØ-1, ~76.6 m

1 cm

F  Stratumbjerg Fm, BH-1, ~2 m

1 cm

C  Lindemans Bugt Fm, Storsletten Mb, RØ-1, ~64 m

1 cm

E  Palnatokes Bjerg Fm, Rødryggen Mb, BH-1, ~20 m

1 cm

D  Palnatokes Bjerg Fm, Albrechts Bugt Mb, RØ-1, ~2.7 m

1 cm
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in all formations except some parts of the Stratum
bjerg and Palnatokes Bjerg Formations in the Brorson 
Halvø-1 core (Figs 3, 4). It is often found in association 
with organic matter (Fig.  7A). The highest amounts  
(4–14 wt%) are found in the Lindemans Bugt Formation 
where the pyrite framboids are often overgrown by 

euhedral pyrite (Fig. 7B). Only framboidal pyrite is pres-
ent in the remaining formations where it constitutes 4–7 
wt% in the Bernbjerg Formation and 0–3 wt% in the Pal-
natokes Bjerg Formation.

Although the kaolinite crystals have euhedral 
shapes, they are likely to have been transported before 

Fig. 6 Texture and detrital phases. A: Typical mudstone texture. B: Cemented mudstone texture. C: Quartz occurs as silt- and sand-sized grains in the 
mudstones. D: Partially dissolved albite grain. E: Apatite occurs as detrital clasts. F: Most clay minerals are detrital such as chlorite.

A  Bernbjerg Fm, TL image, RØ-1, 201.81 m B  Bernbjerg Fm, TL image, RØ-1, 187.50 m

C  Bernbjerg Fm, BSE image, BH-1, 212.70 m D  Palnatokes Bjerg Fm, BSE image, RØ-1, 13.31 m

E  Lindemans Bugt Fm, BSE image, RØ-1, 89.96 m F  Stratumbjerg Fm, SE image, BH-1, 3.18 m
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20 μm50 μm
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BH-1: Brorson Halvø-1 core
RØ-1: Rødryggen-1 core
TL: transmitted light
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B: barite
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Ch: chlorite
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Om: organic matter

Pe: pyrite euhedra
Pf: pyrite framboid
Q: quartz
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deposition since they do not occur in well-defined 
booklets (Fig. 7C). However, some detrital grains have 
been kaolinised, including some of the muscovite and 
feldspar grains, which must have happened within the 
sediment since they would have disintegrated during 
transport. It is often difficult to distinguish unambigu-
ously between the detrital and authigenic clay minerals, 

but the morphology of the mixed-layer illite-smectite 
and illite indicate that part of it is authigenic. Fibrous 
and hairy illite was observed using SEM. Thin quartz 
overgrowths have mainly precipitated in the coars-
er-grained intervals (Fig. 7C) and overgrow pyrite and 
kaolinite. Barite has precipitated in some of the mud-
stones where it formed as the last authigenic phase. 

A  Bernbjerg Fm, BSE image, BH-1, 52.71 m B  Lindemans Bugt Fm, BSE image, RØ-1, 76.47 m

C  Bernbjerg Fm, SE image, RØ-1, 227.32 m D  Lindemans Bugt Fm, SE image, RØ-1, 90.01 m

E  Bernbjerg Fm, BSE image, RØ-1, 187.50 m F  Palnatokes Bjerg Fm, BSE image, RØ-1, 23.88 m

20 μm

20 μm 5 μm

5 μm5 μm

30 μm

Om

Pf

Pf

Pe

A

D

Q

K

A

B

Mi

Pf

A

D

Q

C

Fig. 7 Authigenic minerals. A: Framboidal pyrite has often formed in connection with organic matter. B: Euhedral pyrite has only formed in Lindemans 
Bugt Formation where it has overgrown pyrite framboids. C: Quartz has overgrown detrital kaolinite. D: Barite has overgrown ankerite rhombs. E: 
Dolomite is the dominant carbonate cement in Bernbjerg and Lindemans Bugt Formations. F: Calcite is the dominant carbonate cement in Palnatokes 
Bjerg Formation. See Fig. 6 for abbreviations.
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It occurs as string-like precipitations and as euhedral 
crystals overgrowing ankerite (Fig. 7D). Barite was iden-
tified by EDS but has formed in such small amounts 
that it could not be estimated by XRD analysis.

Pervasive carbonate cementation of the mudstones 
is found in some intervals of all the studied forma-
tions, and these intervals are characterised by low 
gamma-ray values in the natural gamma log (Figs 3, 4). 
High concentrations of bioclasts or micrite are present 
in the carbonate-cemented intervals, except for those 
with siderite. Dolomite is the dominant carbonate min-
eral in the Bernbjerg and Lindemans Bugt Formations, 
whereas calcite is dominant in the Palnatokes Bjerg 
Formation and siderite is dominant in the Stratum
bjerg Formation. 

Dolomite and ankerite could not be clearly discrimi-
nated by XRD so they have been grouped as ankerite–
dolomite in the XRD results (Figs 3, 4). However, both 
minerals are present since they were identified by EDS. 
They are found in all formations with the highest abun-
dance in the Bernbjerg Formation (maximum 34 wt%) 
followed by Lindemans Bugt Formation (maximum 8 
wt%). Poikilotopic dolomite occurs in highest abundance, 
whereas ankerite occurs mostly as smaller rhombs 
(Fig.  7E). Ankerite is often precipitated between exfoli-
ated mica flakes. An outwards increase in Fe content is 
observed in both the dolomite and ankerite crystals.

Calcite occurs in amounts of 2–4 wt% in the samples 
from the Bernbjerg and Lindemans Bugt Formations, 
reaching 6–54 wt% in the Palnatokes Bjerg Formation 
comprising both detrital and authigenic calcite that 
is poikilotopic and micritic (Fig.  7F). A calcite content 
of 1 wt% is found in the sample from the Stratumbjerg 
Formation. This sample does not contain siderite,  
but it is present in other samples from this stratigraphic 
unit where it has precipitated as an early phase.

4.4 Bioclasts
The Bernbjerg and Lindemans Bugt Formations contain 
numerous calpionellids that are most abundant in the 
cemented mudstones. The calpionellids and other shell 
material in the Bernbjerg and Lindemans Bugt Forma-
tions are recrystallised, but moulds of molluscs and 
ammonites have been found (Alsen et al. 2023). Calpi-
onellids are calcareous microfossils of uncertain affin-
ity. They have oblong shells which have been filled with 
either dolomite or micritic calcite and often also anker-
ite and pyrite (Fig. 8A). Pyrite precipitated mostly along 
shell rims though sometimes filling most of the internal 
cavity. Ankerite formed small euhedral crystals, most of 
which precipitated on the exterior of the bioclasts. Poi-
kilotopic dolomite crystals precipitated in most of the 
remaining cavity, but some porosity is often preserved 
(Fig. 8B).

Fossils in the Palnatokes Bjerg Formation include 
ostracods, brachiopods, foraminifera and inoceramid 
bivalves (Alsen et  al. 2023). The formation contains 
abundant calcispheres, especially in the cemented inter-
vals. They have not been recrystallised as seen by the 
characteristic test (Fig. 8C) and by the extinction pattern 
following the growth structure in other fossils. These 
calcispheres are probably calcareous dinoflagellate 
cysts and have a spherical test. Calcite has precipitated 
in the interior, and small ankerite crystals have some-
times formed within the calcite (Fig. 8D). 

4.5 Fractures
Small fractures are present in most of the core and 
are most evident in the cemented intervals where 
they cut through the carbonate-cemented fabrics. 
Opal has often formed along the rims of the frac-
tures where it radiates in multiple layers and forming 
spherical layers around a protruding matrix (Fig. 8E). 
The remaining parts of the fractures are filled with 
dolomite in which the Fe content decreases towards 
the middle of the fractures (Fig. 8F). The dolomite has 
occasionally replaced some of the opal along its outer 
rim (Fig. 8E).

XRD analyses have been made of fracture fills 
comprising one sample selected from each well in 
the Bernbjerg Formation where fractures are most 
abundant, and show that dolomite is the dominant 
fracture-filling cement (Figs 3, 4). Fracturing has hap-
pened several times as seen by the cross-cutting 
relationships of the fracture generations, where each 
of them became cemented prior to the next gen-
eration of successively wider fractures. The largest 
encountered fractures are up to a few centimetres 
wide. The last generation of fractures were not filled 
by any minerals and thus increased the porosity and 
permeability.

4.6 Zircon U-Pb ages
The detrital zircon U-Pb ages of the four outcrop sam-
ples from Wollaston Forland (Fig.  1) cover a broad 
Mesoarchaean to Palaeozoic age span (Fig.  9). The 
discordant ages (comprising 21–28%) are not plot-
ted but included in Supplementary File S1. The three 
samples from the Bernbjerg Formation (samples 
1–3, Fig.  9) all contain a pronounced Archaean zircon 
age population with peak ages at 2.75–2.65 Ga (com-
prising 7–10% in each sample), whereas only a sin-
gle Archaean zircon grain was found in the sample 
from the Stratumbjerg Formation (sample 4, Fig.  9). 

The dominant age populations of the samples are 
present within the 2.0–1.6 Ga interval (comprising 
42–75% in each sample), although the relative pro-
portions between the age populations vary. In the 
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Bernbjerg Formation, an age population with peak age 
at 1.97 Ga is dominant in two of the samples (samples 
1 and 3, comprising 23–24%) and evident in the third 
(sample 2, comprising 10%), but not in the sample from 
the Stratumbjerg Formation. The dominant age popu-
lation in the Stratumbjerg Formation sample has peak 

age at 1.88 Ga (sample 4, comprising 39%), and this 
population is less pronounced and slightly older in the 
Bernbjerg Formation samples. An age population with 
peak ages at 1.65–1.63 Ga is pronounced in the sam-
ple from Stratumbjerg Formation (sample 4, compris-
ing 17%) and in two of the samples from the Bernbjerg 

Fig. 8 Bioclasts and fracture fillings. A–B: Recrystallised calpionellids filled with combinations of calcite, dolomite, ankerite and pyrite, and occasionally 
with internal porosity. Calpionellids are present in Bernbjerg and Lindemans Bugt Formations. C–D: Well-preserved calcispheres filled with calcite and 
small ankerite rhombs. Calcispheres are present in Palnatokes Bjerg Formation. E: Opal precipitated in several zones in a fracture and succeeded by 
dolomite, which has replaced some opal along the contact (arrow). F: Opal along fracture rims and succeeded by dolomite with lower Fe content in 
the middle. Fractures are most abundant in Bernbjerg Formation. See Fig. 6 for abbreviations.

A  Lindemans Bugt Fm, TL image, RØ-1, 76.47 m B  Lindemans Bugt Fm, BSE image, RØ-1, 76.47 m

C  Palnatokes Bjerg Fm, SE image, RØ-1, 13.31 m D  Palnatokes Bjerg Fm, BSE image, RØ-1, 13.31 m

E  Bernbjerg Fm, CN image, RØ-1, 187.50 m F  Bernbjerg Fm, BSE image, RØ-1, 187.50 m
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Formation (samples 2 and 3, both comprising 16%). 
A population with peak age of 1.74 Ga is slightly less 
prominent in the same three samples (comprising 
9–14% in each sample), whereas both age populations 

are less prominent in the last sample from the Bern-
bjerg Formation (sample 1; Fig. 9). 

A wide range of Mesoproterozoic zircon ages are 
found in all four samples (comprising 11–38% in each 

Fig. 9 Zircon U-Pb age distributions of the Upper Jurassic – Lower Cretaceous sediments (1–4) compared to selected zircon ages from the region (A–G: 
Strachan et al. 1995; Watt et al. 2000; Thrane 2002; Elvevold et al. 2003; Kalsbeek et al. 1993; Leslie & Nutman 2003; Sláma et al. 2011; Olivarius et al. 
2018b; Barham et al. 2020; Olierook et al. 2020). The Phanerozoic zircon ages in A–C are from the intruded Caledonian granites. The sampling locations 
are shown in Fig. 1. The ages are plotted using kernel density estimation (Vermeesch 2012) and histograms with a bin interval of 25 million years. Zircon 
ages with <10% discordancy are plotted. “n/N” denotes the number of concordant analyses out of the total number of analyses. See Fig. 1 for locations.
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sample) with less pronounced age populations as com-
pared to the Palaeoproterozoic populations. Few Neo-
proterozoic zircons are encountered (comprising 1–6% 
in each sample), and an age gap occurs at 0.9–0.5 Ga 
except for a few grains (Fig.  9). Small Palaeozoic age 
populations of 2–4 grains are found in all samples with 
peak ages varying between 0.45 and 0.38 Ga (compris-
ing 2–5% in each sample). The oldest and youngest of 
these Ordovician–Devonian zircons, with ages of 474 ± 
14 Ma and 364 ± 3 Ma, respectively, are both from the 
Bernbjerg Formation.

5. Discussion

5.1 Provenance analysis
The Mesoarchaean to Palaeozoic zircon age popula-
tions found in the four analysed samples of Upper 
Jurassic – Lower Cretaceous sediments from Wol-
laston Forland are comparable (Fig. 9). The age distri-
butions of the studied sediments are all characterised 
by a dominance of 2.0–1.6 Ga ages and by containing 
the full range of zircon ages within this time interval, 
although the relative proportion between the proba-
bilities of the age populations varies. Therefore, the 
sediments presumably have the same overall prove-
nance in which the proportion between the Palaeo-
proterozoic zircon ages varies. However, some of the 
differences in age distributions between the samples 
may possibly be the result of bias related to min-
eral separation with handpicking of grains for anal-
ysis (e.g. Sláma & Košler 2012; Dröllner et  al. 2021). 
Selected zircon age data from the literature are plot-
ted in Fig. 9 to facilitate comparison with possible sed-
iment source rocks.

As in the studied sediments, zircon age populations 
with a dominance of 2.0–1.6 Ga ages occur in Lower 
Cretaceous and Lower Triassic sediments from north-
ern Hold with Hope, c. 80 km south-south-west of the 
study area (Fig.  1; Fonneland et  al. 2004; Sláma et  al. 
2011). These sediments also contain Archaean, Meso-
proterozoic and Palaeozoic age populations with low 
probabilities, although the Palaeozoic peak age is more 
pronounced than in the studied sediments (Fig.  9). 
The age populations of Upper Jurassic sediments from 
southern Jameson Land c. 450 km south-south-west of 
the study area are similar overall to the studied sedi-
ments, but with significantly larger relative proportions 
of the Archaean and Mesoproterozoic age populations 
(Olivarius et al. 2018b). Lower Jurassic sediments from 
southern Jameson Land have a significantly different 
age distribution; they exhibit a limited number of peak 
ages reflecting their local provenance from the Liverpool 
Land High that was elevated at the time (Sláma et  al. 
2011).

The zircon age populations of Carboniferous and 
Devonian sediments along Kong Oscar Fjord and 
inner Kejser Franz Joseph Fjord (Moskusokse Fjord) 
are comparable to those in the studied sediments, 
except that the Mesoproterozoic and Palaeozoic pop-
ulations are more prominent in these older sediments; 
furthermore, Archaean ages are more common in the 
Carboniferous sediments (Sláma et al. 2011). The Neo-
proterozoic Lyell Land Group and Nathorst Land Group 
of the Eleonore Bay Supergroup have age distributions 
that are distinctly different from each other (Watt et al. 
2000; Dhuime et al. 2007; Sláma et al. 2011; Olierook 
et al. 2020). Late Mesoproterozoic zircons are dominant 
in the Lyell Land Group along inner Kong Oscar Fjord 
(Segelsellskapet Fjord) with subordinate early Meso-
proterozoic zircons, so these sediments show poor 
resemblance to the studied Upper Jurassic – Lower 
Cretaceous sediments. The Nathorst Land Group is 
dominated by late Palaeoproterozoic age populations 
and additionally contains several Mesoproterozoic age 
populations in addition to a smaller Archaean popu-
lation; a sample of the intruded granites is included 
in Fig.  9 to show their Palaeozoic age (Olierook et  al. 
2020). The metasediments of the Nathorst Land Group 
on Wollaston Forland are thus comparable to the stud-
ied sediments, except that the metasediments contain 
a higher proportion of Mesoproterozoic zircons and no 
significant age populations in the 2.0–1.8 Ga interval.

The Meso–Neoproterozoic metasediments of the 
Krummedal supracrustal sequence and Smallefjord 
sequence have dominant zircon age populations of 
late Palaeoproterozoic age and additionally contain 
Mesoproterozoic, early Neoproterozoic and Palaeozoic 
populations (Strachan et al. 1995; Watt et al. 2000; Les-
lie & Nutman 2003). Thus, they are lacking 2.0–1.8 Ga 
age populations but otherwise resemble the age distri-
butions of the studied sediments rather well. Archaean 
and Palaeoproterozoic crystalline basement complexes 
of the East Greenland Caledonides have age populations 
of 2.9–2.5 and 2.0–1.7 Ga (Kalsbeek et al. 1993; Thrane 
2002; Elvevold et al. 2003). These are comparable to the 
oldest age populations found in the studied sediments, 
although the proportion of Palaeoproterozoic ages rela-
tive to Archaean ages is higher in the sediments than in 
the basement complexes.

Comparison between the samples analysed in this 
study and other sediments and possible sediment 
sources is made by multivariate statistical analysis by 
multidimensional scaling (MDS) visualised in an MDS 
diagram (Fig.  10). Here, similarities between samples 
are highlighted by solid lines revealing their proximity 
in Kolmogorov-Smirnov space, whereas dashed lines 
show smaller similarities. The sediments from this study 
have largest similarities to other Upper Jurassic and 

Olivarius et al. 2023: GEUS Bulletin 55. 8309. https://doi.org/10.34194/geusb.v55.8309



GEUSBULLETIN.ORG

Lower Cretaceous sediments, though some of these are 
as far away as Jameson Land. The largest differences 
are found between the end members comprising the 
Archaean–Palaeoproterozoic rocks and the Meso–Neo-
proterozoic metasediments, indicating that a mixture of 
these is necessary to explain the range of ages encoun-
tered in the sediments.

5.2 Sediment transport
An overall north–south change in provenance in the 
upper Palaeozoic to Mesozoic succession in East Green-
land is evident in the concentration of Palaeoproterozoic 
zircons in sediments on Wollaston Forland and Hold with 
Hope compared with sediments farther south, which 
contain a higher proportion of Mesoproterozoic zircons 
(Fig.  9). In particular, 2.0–1.8 Ga zircons are abundant 
in the central and northern parts of East Greenland in 
Triassic, Jurassic and Cretaceous sediments (Fonneland 
et al. 2004; Sláma et al. 2011; this study). This implies that 
there must be pronounced differences between either 
age or extent, or both, of the various sediment source 
rocks in the northern versus southern parts of the Cale-
donides. Factors such as zircon fertility, sediment rout-
ing, recycling and methodological bias may also affect 
the provenance signal (e.g. Dröllner et al. 2021).

The primary source of the Upper Jurassic – Lower 
Cretaceous sediments on Wollaston Forland comprised 
the crystalline rocks of the East Greenland Caledonides 
or their derived sediments, or both. The Archaean and 
Palaeoproterozoic ages of the basement in Payer Land 
(Elvevold et al. 2003) match the oldest age populations of 
the studied sediments, so they may have been supplied 

from the crystalline complexes present west of Wol-
laston Forland (Fig.  1). An additional sediment source 
is necessary to account for the late Palaeoproterozoic 
peak age of 1.65–1.63 Ga and the range of Mesopro-
terozoic ages present in the studied sediments (Fig. 9), 
so this input must originate from erosion of Meso-Neo-
proterozoic metasediments or Palaeozoic sediments, or 
both.

The peak zircon age of 1.66–1.63 Ga is evident and 
often dominant in the sediments and metasediments 
of the East Greenland Caledonides (Fig.  9), except 
for the Lyell Land Group in which the peak ages are 
restricted to 1.5 and 1.1 Ga (Sláma et al. 2011). Peak 
ages of 1.5 and 1.1 Ga are also present in the Krum-
medal supracrustal sequence, the Nathorst Land 
Group and younger sediments such as the Devonian 
and Carboniferous, but are not pronounced in the 
studied sediments. However, these peak ages are 
distinct in the Upper Jurassic sediments on Jameson 
Land that are age-equivalent to the Bernbjerg For-
mation (Fig.  9). This is due to the lower proportion 
of Mesoproterozoic zircon ages in the northern part 
of the East Greenland Caledonides and in the stud-
ied sediments, which makes the individual age pop-
ulations in this interval less distinct. Some change in 
the drainage pattern must have occurred between the 
Kimmeridgian – early Volgian and the Albian, since the 
distinct  Archaean and 1.97 Ga populations in the 
Bernbjerg Formation are not evident in the Stratum-
bjerg Formation where a 1.88 Ga population is dom-
inant, as observed in Aptian sediments on northern 
Hold with Hope. Ages corresponding to these popu-
lations are present in different crystalline basement 
complexes (Fig. 9).

Zircon age distributions of the Bernbjerg, Lindemans 
Bugt, Palnatokes Bjerg and Stratumbjerg Formations from 
western Wollaston Forland are comparable to each other 
(Barham et al. 2020) and broadly comparable to the new 
results from northern Wollaston Forland (Fig. 9). However, 
the pronounced peak age of 1.97 Ga in the three samples 
from the Bernbjerg Formation in northern Wollaston For-
land is not present in samples from the west. Likewise, 
Caledonian zircons are also virtually absent in the west in 
contrast to the northern part of Wollaston Forland. Thus, 
although much of the sediment on northern Wollaston 
Forland has been produced from reworking of sediment 
from western Wollaston Forland (Fig. 11), there must also 
have been an additional source that supplied sediment 
to the half-graben in which the Rødryggen-1 and Brorson 
Halvø-1 boreholes are situated. This additional sediment 
was probably supplied by axial transport from the north 
in accordance with the general depositional pattern in 
the Late Jurassic (Surlyk 2003). This is compatible with the 
abundance of Palaeoproterozoic basement to the north 

Fig. 10 Multidimensional scaling (MDS) diagram of zircon U-Pb age data. 
Plotted using Kolmogorov-Smirnov (K-S) dissimilarity (Vermeesch et al. 
2016). The nearest neighbours in K-S space are shown by solid lines and 
the second nearest by dashed lines. See Fig. 10 for sample information.
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and the presence of Caledonian granites in this area, 
though it is unknown if these granites were exposed in 
the Mesozoic. 

Changes in sediment composition are also evident 
in the clay mineral composition where chlorite and 

vermiculite were added upwards in the succession (Figs 
3, 4). Another difference between the Bernbjerg For-
mation and the younger deposits is evident in the zir-
con age distributions from northern Wollaston Forland 
where the Stratumbjerg Formation lacks the Archaean 
and 1.97 Ga age populations that are present in the 
Bernbjerg Formation (Fig.  9). Thus, the rifting activity 
probably changed the erosional pattern resulting in 
altered sediment transport pathways. The kaolinite that 
is overgrown by authigenic quartz in the mudstones 
must comprise detrital kaolinite since they do not occur 
in well-defined booklets (Fig. 7C). The climate was humid 
subtropical at the time of deposition (Surlyk 2003), so 
kaolinite is the most likely clay mineral to have formed 
in the hinterland (Rateev et al. 2008), which explains its 
abundance in the mudstones. The presence of detrital 
kaolinite with preserved euhedral shapes points to a 
short transport distance from source area to place of 
deposition. This agrees with the interpreted proximity 
to the deltaic coast of North-East Greenland (Hovikoski 
et al. 2023b) with high mountains consisting of readily 
erodible material in the immediate hinterland (Henrik-
sen & Higgins 2008).

5.3 Tectonic regime
Comparing the mineralogy of the carbonate-cemented 
mudstones with uncemented mudstones shows that 
the mudstones had similar initial mineralogical compo-
sitions, with the exception of the carbonate bioclasts, 
which represent the only additional component occur-
ring in the cemented intervals (Figs 3, 4). Thus, in general, 
sediments with similar composition were supplied to the 
basin during deposition of the studied stratigraphic units, 
although the proportion between grains and clay min-
erals varies in relation to the grain size (Figs 3, 4). Other 
differences in the detrital mineralogy include the varying 
content of apatite clasts and the addition of vermiculite 
and chlorite to the clay mineral assemblages upwards in 
the succession. The variations in detrital mineralogy and 
grain size of the studied sediments are the results of (1) 
changing tectonic regime of the depositional setting that 
changed the sediment transport pathways and sea-bot-
tom topography, and (2) rotational block faulting that 
caused increasing basin depth and sediment starvation 
up through the succession (Hovikoski et  al. 2023a, this 
volume). Rifting also influenced the amount of deoxygen-
ation and thereby the diagenetic evolution of the sedi-
ments as reflected in the varying amount of precipitated 
pyrite. The calcareous bioclast abundance is largest in 
transgressive intervals and in some condensed intervals 
as is also the case for apatite clasts.

The marine shelf setting of the Bernbjerg Formation 
with sediment supply from the deltaic coastline to the 
west (Fig. 11A) is reflected in the sandy component of the 

Fig. 11 Inferred structural setting of northern Wollaston Forland in Late 
Jurassic to Early Cretaceous time when submarine deposition of mud-
stones took place during (A) early rifting, (B) rifting climax and (C) waning 
rifting in west (not waning in east, i.e. Falskebugt Member). Locations 
of the Rødryggen-1 (RØ-1) and Brorson Halvø-1 (BH-1) boreholes are 
shown as well as sediment transport directions.

A)  Early rift: Bernbjerg Formation

B)  Rift climax: Lindemans Bugt Formation

C)  Waning rift: Palnatokes Bjerg Formation
& Stratumbjerg Formation
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mudstones with storm-wave influence in the lower part 
of the cored succession and in the presence of abundant 
silt and fine sand-sized quartz grains (Fig. 6C). Faulting 
intensified (Surlyk 2003), linked to the onset of coarse 
marine sedimentation proximally (Lindemans Bugt For-
mation). At the culmination of rotational block faulting, 
a fault was created west of the study area resulting in 
westwards tilting of the resulting basin (Fig. 11B; Hov-
ikoski et al. 2023b). The submarine fault scarp west of 
this half-graben blocked sediment input from the main-
land, but some sediment was supplied into the basin 
by gravity flows originating at the fault scarp. The fairly 
short distance to the fault scarp resulted in the input of 
some silt-sized detrital grains despite the relatively sed-
iment-starved environment. Clasts of quartz, feldspar, 
mica and apatite (Fig. 6E) were supplied by mass flows 
in addition to the detrital clay minerals. 

Vermiculite is absent in the Bernbjerg Formation 
in the Rødryggen-1 core but is found in all samples of 
the Lindemans Bugt and Palnatokes Bjerg Formations 
(Fig. 3). The cause of this change is not clear, but it may 
reflect the changed setting caused by block faulting 
whereby sediment supplied to the Rødryggen-1 drill site 
was sourced by the submarine fault scarp to the west 
during rift climax, and this input mixed with sediment 
supplied by axial transport during the waning rift phase 
(Fig. 11C). The high gamma-ray values of the Lindemans 
Bugt Formation in the Rødryggen-1 borehole (Fig. 3) are 
compatible with the fine-grained nature of the deposits 
in the centre of the half-graben where fine-crystalline 
vermiculite is dominant and coarse-crystalline kaolin-
ite becomes less abundant, whereas the formation is 
only thinly preserved farther to the east in the Brorson 
Halvø-1 borehole (Fig. 4). Vermiculite does not occur in 
the succession in the Brorson Halvø-1 core, except for 
minor amounts in the uppermost sample from Stra-
tumbjerg Formation. This is compatible with the larger 
distance to the submarine fault crest to the west that 
primarily fed vermiculite to the proximal part of the 
half-graben.

The Palnatokes Bjerg Formation is more sedi-
ment-starved than the Lindemans Bugt Formation due 
to transgression and waning of active rifting (Fig.  11C; 
Surlyk 2003). This is reflected in the high calcareous con-
tent suggestive of slow clastic deposition. The presence 
of occasional muddy sandstones, however, implies that 
gravity-flow processes were still operative. In the Bror-
son Halvø-1 core, chlorite occurs in the rift climax and 
waning rift samples, whereas it is only found in waning 
rift samples in the Rødryggen-1 core, and in smaller 
amounts (Figs 3, 4). This indicates that chlorite was sup-
plied from the north-north-west by axial transport and 
deposited primarily in the distal part of the half-graben 
since the proximal part was mainly fed by the submarine 

fault scarp to the west. The abundance of chlorite may 
have resulted from erosion of the Meso–Neoprotero-
zoic metamorphic rocks north-west of Wollaston For-
land that were exposed due to rift faulting, since chlorite 
often originates from such lithologies (Nielsen et  al. 
2015). 

The provenance signature of the Stratumbjerg Forma-
tion near the Brorson Halvø-1 drill site is also indicative 
of a change in source area since the Archaean zircon age 
population is absent, in contrast to the Bernbjerg Forma-
tion (Fig. 9), which signifies a change in sediment source 
from the crystalline rocks to the west to the metamorphic 
and crystalline rocks to the north-west of the half-graben. 
This change is not evident in the zircon age distributions 
of the Palnatokes Bjerg and Lindemans Bugt Formations 
reported by Barham et al. (2020) because their samples 
were taken from localities within the proximal half- 
graben that were linked directly to the coastline.

5.4 Diagenetic evolution
Textural relationships in sediments of the Rødryggen-1 
and Brorson Halvø-1 cores have been used to determine 
the diagenetic sequence. A diagenetic process scheme is 
established to highlight the relative importance of each 
process (Fig. 12), as discussed next. The sedimentary suc-
cession in the cores has poor reservoir quality since the 
few sandstone intervals are thin and muddy. The reser-
voir properties are poorest in the intervals with perva-
sive carbonate cementation. The formation of secondary 
porosity by partial dissolution of bioclasts and feldspars 
and by fracture formation has only had a minor influence 
on the total porosity. The permeability is only slightly 
affected by the dissolution process since it was restricted 
to local clasts. The open fractures, however, have pre-
sumably increased the permeability significantly.

5.4.1 Eogenetic processes
Pyrite framboids precipitated early in the sediments in 
association with bacterial sulphate reduction of organic 
matter (Fig.  7A). The membrane of organic matter in 
shells probably promoted early pyrite formation within 
many of the bioclasts (Fig. 8A). Euhedral pyrite formed 
only during the rift climax, corresponding primarily 
to the Lindemans Bugt Formation where the largest 
amounts of pyrite are found (Figs 3, 4, 5C, 7B). The 
small euhedral crystals suggest syngenetic formation 
of pyrite indicating that the chemocline moved above 
the sediment–water interface and anoxic conditions 
may have prevailed during the rift climax phase (Tri-
bovillard et al. 2006) or the crystals may have formed 
later diagenetically. Dysoxic conditions were dominant 
when the rifting was still at an initial stage during depo-
sition of the Bernbjerg Formation, and when rifting was 
waning as seen by the increased bioturbation and low 
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pyrite content of the Palnatokes Bjerg and Stratumb-
jerg Formations. During sulphidic bottom-water con-
ditions, the reactivity and abundance of Fe minerals 
control the amount of pyrite that can form, whereas 
pyrite formation is controlled by the reactivity and 
abundance of organic matter during oxygenated bot-
tom-water conditions (Berner 1985). Thus, the low 
amounts (0–1%) of total organic carbon (TOC) present 
in the Palnatokes Bjerg and Stratumbjerg Formations 
largely precluded pyrite precipitation, whereas higher 
TOC (2–6%) in the Bernbjerg and Lindemans Bugt For-
mations (Bojesen-Koefoed et  al. 2023b, this volume) 
will have favoured this process.

The calcite and dolomite cements probably formed 
shortly after deposition. The sparry carbonate cement 
within calpionellids in Bernbjerg and Lindemans Bugt 
Formations must have formed early after deposition 
since the calpionellids have not been deformed by 
mechanical compaction (Fig. 8A, B). The presence of bio-
clasts is important for the precipitation of dolomite and 
ankerite (e.g. Hendry et al. 2000; Burns et al. 2005) since 
they act both as nucleation sites for the crystals and as 
a source of carbonate. The Palnatokes Bjerg Formation 
was sediment-starved so pelagic lime mud formed a sig-
nificant component of the sediment that accumulated 
on the sea floor, and the pelagic carbonate resulted in 
micritic calcite matrix (Fig. 7F).

In the Bernbjerg and Lindemans Bugt Formations, 
the laminated mudstones signify reducing conditions 
during deposition as also reflected in the relatively 

high content of organic matter. In the Palnatokes Bjerg  
Formation, the bioturbation intensity reveals more 
oxygenated depositional conditions, and many of the 
bioclasts were preserved in this formation (Figs 8C, D). 
Partial dissolution of calpionellids and other bioclasts in 
the Bernbjerg and Lindemans Bugt Formations resulted 
in carbonate-cemented layers with a large bioclast 
content, caused by a primary heterogeneity (Fig.  7E). 
These layers possibly represent bioclast concentrations 
produced by reworking at discrete flooding surfaces 
(e.g. Burns et  al. 2005). This is also suggested by the 
cemented mudstones that typically occur at the top of a 
few metres of upward-coarsening successions or in the 
finest grained intervals at the base of upward-coarsen-
ing cycles. The fewer cemented intervals in the Linde-
mans Bugt Formation in comparison to the Bernbjerg 
Formation (Fig. 3) are thus in accordance with the pro-
gressive deepening of the setting, where the influence of 
minor relative sea-level fluctuations decreased steadily.

5.4.2 Mesogenetic processes
The presence of authigenic mixed layer illite-smectite 
and illite in the studied mudstones indicates that illiti-
sation of smectite has occurred, thereby providing sil-
ica and cations for other mineral reactions such as the 
formation of quartz and ankerite (Fig.  12). Significant 
illitisation may, however, be contradicted by the pres-
ence of K-feldspar in the investigated mudstones, as 
K-feldspar disappears in shales from most wells below 
2.5 km in the northern North Sea due to the illitisation 

Fig. 12 Diagenetic process scheme of the authigenic changes that have occurred in the Rødryggen-1 and Brorson Halvø-1 successions. See Section 5.4  
for explanation.
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of smectite (Pearson & Small 1988). If the deposited clay 
minerals were rich in illite, however, the pore fluids may 
not have been undersaturated with respect to potas-
sium and consequently less aggressive towards K-feld-
spar during early diagenesis. Hence, K-feldspar may 
have survived until deep burial. The iron necessary to 
form ankerite may have been provided by smectite illi-
tisation and it may have formed at the expense of dolo-
mite cement. Barite is typically a late authigenic phase 
because the pore fluids need to be very concentrated 
before they contain sufficient Ba for barite formation. As 
expected, barite formed late in the studied sediments 
as seen by the crystal habit of barite as euhedral over-
growths (Fig. 7D), and the string-like occurrence of the 
precipitated barite identifies the transport route of the 
last pore fluid.

The diagenetic alteration of the mudstones is indic-
ative of the maximum burial depths to which they have 
been exposed prior to structural inversion. The pres-
ence of quartz overgrowths shows that the sediments 
must have been exposed to temperatures of at least c. 
80°C that is necessary for the growth onset and less than 
c. 100°C since they are thin and scattered (Bjørlykke & 
Jahren 2015). Precipitation of quartz in mudstones can 
be sourced by the smectite to illite transformation, which 
generally occurs at temperatures of 60–100°C (Thyberg 
et al. 2009) and is likely to have happened in the studied 
sediments. Barite precipitated after quartz and anker-
ite in the mudstones as the last mineral phase during 
deep burial, a process that has been found to occur at 
temperatures of 83–105°C in sandstones (Burley et  al. 
1989). Thus, the precipitation temperatures of the auth-
igenic phases that formed at deepest burial correspond 
to maximum burial depths of c. 2.1–2.6 km assuming a 
surface temperature of 20°C and a palaeogeothermal 
gradient of 30°C/km (Japsen et  al. 2021). This is less 
than the estimated uplift of c. 2.8 km based on thermo-
chronological data from Upper Jurassic sediments from 
Jameson Land c. 450 km towards south-south-west, in 
which the diagenesis has progressed further (Green & 
Japsen 2018; Olivarius et al. 2018a).

5.4.3 Telogenetic processes
The fracturing that has occurred in the sediments must 
have happened late during uplift since the thin fractures 
cross-cut the authigenic phases in the sediments. Frac-
turing is presumed to have accompanied exhumation 
and pressure release since cooling of the sediments was 
necessary to decrease their elasticity enough for fractur-
ing (e.g. Gale et al. 2014). The fractures formed mainly in 
the cemented intervals because they had least elasticity. 
The late timing of the fracturing is also testified by the 
opal infill, which requires low temperatures of <65°C for 
precipitation (Weibel et al. 2010). The pore fluids must 

have been oversaturated with silica in the beginning 
since opal often formed along the rim of the fractures 
(Fig. 8E). Formation of Fe-rich dolomite then took over in 
accordance with the expected composition of the pore 
fluid since the fractured mudstones are cemented with 
dolomite and ankerite. The pore fluid became depleted 
in Fe, so the last dolomite that precipitated was Fe-poor 
(Fig.  8F). The last fracturing episode happened so late 
during exhumation that no mineral phases were pre-
cipitated in the fractures, which thus contribute minor 
secondary porosity. However, it is difficult to differen-
tiate natural open fractures, formed in the subsurface, 
from artefacts produced during drilling and drying of 
the core.

Introduction of meteoric water is a common mech-
anism for kaolinite formation (Bjørlykke 1998), as this 
process could not take place after deposition in the 
marine environment. The partially dissolved feldspar 
grains have not been deformed so the secondary 
porosity has been preserved (Fig. 6D), which indicates 
that the dissolution and kaolinisation of detrital 
phases may have happened late during the exhuma-
tion (Fig. 12). The fracturing that has occurred during 
late uplift may have caused a flow of meteoric water 
through the sediment that was sufficient for kaolinite 
formation. This may also explain why the latest gener-
ation of fractures is not cemented since the pore fluids 
had a low saturation. 

5.5 Implications for sediment composition in 
the Norwegian–Greenland Seaway
The presence of Archaean zircon grains in the Norwe-
gian Sea is often considered diagnostic of sediment 
supply from East Greenland since Archaean zircons 
are scarce in sediment eroded off the Fennoscandian 
Shield (e.g. Morton et al. 2008). Only a single Archaean 
zircon grain was retrieved from the sample from the 
Stratumbjerg Formation on Wollaston Forland (Fig.  9). 
However, the absence or scarcity of Archaean zircons 
cannot be considered unambiguous proof of a Fennos-
candian source in the offshore sediments. This is par-
ticularly the case in sediment derived from the central 
or northern part of the East Greenland Caledonides 
where Palaeoproterozoic basement is most abundant, 
whereas Archaean basement is more abundant in the 
southern Caledonides (Thrane 2002). This is reflected 
in the geographical differences evident in the zircon 
age distributions of post-Caledonian sediments in East 
Greenland (Sláma et  al. 2011; Olivarius et  al. 2018b).

In sediments with an East Greenland source, the present 
results highlight how a high proportion of Mesoproterozoic 
and latest Palaeoproterozoic zircon ages testifies to a prov-
enance from the southern East Greenland Caledonides, 
whereas a higher proportion of late Palaeoproterozoic 
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(2.0–1.7 Ga) ages is indicative of a more northern sediment 
source. This is reflected in the distribution of zircon age 
populations in sediments in the western part of the Nor-
wegian Sea such as in the Upper Cretaceous – Paleocene 
succession (Fonneland et al. 2004; Morton et al. 2005).

Time-equivalent sediments in the Norwegian Sea have 
presumably experienced some of the same diagenetic 
reactions as the studied sediments, specifically, initial sul-
phate reduction causing pyrite precipitation, eogenetic 
bioclast alteration causing calcite-dolomite cementation, 
mesogenetic smectite illitisation and quartz precipitation 
and carbonate transformation into ankerite (Fig. 12).

6. Conclusions
This study illustrates that changes in mudstone compo-
sition can be induced by half-graben evolution and that 
the composition may also vary in relation to the position 
in the rift basin and the sea-bottom topography. This 
knowledge can be applied to predict variations in sedi-
ment composition in underexplored half-graben settings.

The diagenetic evolution includes processes related 
to the different diagenetic regimes that the mudstones 
have experienced. During early diagenesis, sulphate 
reduction caused pyrite formation, and bioclast alter-
ation resulted in precipitation of calcite and dolomite. 
During burial diagenesis, illite and quartz formed due to 
smectite illitisation, and ankerite and barite precipitated 
because of carbonate transformation. During uplift, 
opal and dolomite precipitated in the earliest fractures, 
and kaolinite formed due to meteoric water flushing.

The provenance analysis of sand-rich intervals 
shows that the zircon age patterns of the studied sedi-
ments are most similar to other Upper Jurassic – Lower 
Cretaceous sandstones from East and North-East 
Greenland. This is revealed by MDS where it is evi-
dent that the Archaean–Palaeoproterozoic crystalline 
basement complexes and the Meso–Neoproterozoic 
metasediments comprise two end members, so their 
derived detritus must have been mixed to produce the 
Mesozoic sediments.
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Abstract
The Oxfordian–Ryazanian was a period of widespread deposition of marine organic-rich mud-
stones in basins formed during the early phases of the rifting that heralded the formation of the 
present-day North Atlantic. Occasionally, uninterrupted deposition prevailed for 20 million years 
or more. Today, mudstones of this time interval are found on the shelves bordering the North 
Atlantic and adjacent areas from Siberia to the Netherlands. Here, we report data on two fully cored 
boreholes from Wollaston Forland (North-East Greenland, approx. 74° N), which represent an unin-
terrupted succession from the upper Kimmeridgian to the Hauterivian. The boreholes record basin 
development at two different positions within an evolving halfgraben, located at the margin of 
the main rift, and thus partially detached from it. Although the overall depositional environment 
remained an oxygen-restricted deep-shelf setting, rifting-related changes can be followed through 
the succession. The Kimmeridgian was a period of eustatic highstand and records the incipient 
rifting with a transgressive trend straddling the transition to the lower Volgian by a gradual change 
from deposits with high levels of total organic carbon (TOC) and kerogen rich in allochthonous 
organic matter to deposits with lower TOC and a higher proportion of autochthonous organic 
matter. This is followed by a slight regressive trend with lower TOC and increased proportions of 
allochthonous organic matter until rifting culminated in the middle Volgian–Ryazanian, indicated 
by increasing autochthonous organic matter and higher TOC, which prevailed until basin ventila-
tion occurred towards the end of the Ryazanian. The properties of the reactive kerogen fraction 
remained rather stable irrespective of TOC, underlining the effect of terrigenous matter input for 
TOC. These variations are also captured by biological markers and stable carbon isotopes. The 
deposits are very similar to equivalent successions elsewhere in the proto-North Atlantic region, 
albeit the proportion of terrigenous kerogen is greater.
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1. Introduction
Marine shales of Oxfordian–Ryazanian age constitute the most important 
source rocks for petroleum in the prospective basins of the North Atlantic 
region, which include the basins of the greater North Sea area, the Barents 
Shelf, and the basins west of Ireland and the Shetland Islands as well as the 
basins of western Siberia. On the western side of the Atlantic this also includes 
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the Jeanne d’Arc and Flemish Pass basins off eastern 
Canada, and probably untested basins off East and 
North-East Greenland. These deposits have been exten-
sively studied (e.g. Von der Dick et al. 1989; Miller 1990; 
Chakhmakhchev et al. 1994; Klemme 1994; Telnæs et al. 
1994; Fowler & McAlpine 1995; Isaksen & Ledje 2001; Ine-
son et al. 2003; Justwan & Dahl 2005; Justwan et al. 2005, 
2006a,b; Petersen et al. 2010; Scotchman et al. 2016). Age- 
equivalent deposits crop out onshore North-East Green-
land. However, irrespective of their importance for the 
general understanding of the most important petroleum 
system of Northwest Europe, published in-depth studies of 
the nature and petroleum potential of the equivalent North-
East Greenland succession are scarce. Exceptions include 
papers by Requejo et al. (1989), Christiansen et al. (1992), 
Strogen et al. (2005) and Bojesen-Koefoed et al. (2018). 

Over the years 2008–2010, the Geological Survey of 
Denmark and Greenland (GEUS) drilled three fully cored 
boreholes to depths of more than 200 m to penetrate the 
Upper Jurassic – Lower Cretaceous mudstone succession 
in East and North-East Greenland. The successions drilled 
are partially time equivalents of the Kimmeridge Clay For-
mation of the Wessex Basin, UK, as well as of the Upper 
Jurassic – Lower Cretaceous petroleum source-rock suc-
cessions of the North Sea and North Atlantic basins, where 
they are known under a variety of different local names, 
see for instance Ineson et al. (2003). The Kimmeridge Clay 
Formation has been penetrated by cored boreholes close 
to its type section in Dorset (Morgans-Bell et al. 2001). How-
ever, the East and North-East Greenland boreholes offer 
an opportunity to study nearly the full Oxfordian to Ryaza-
nian succession in an area remote from other studied out-
crops and wells. The first of these boreholes to be drilled 
was the Blokelv-1 in Jameson Land, which covers the suc-
cession from the Oxfordian to the lower Volgian (see Ine-
son & Bojesen-Koefoed 2018). The second and third of the 
planned boreholes, the Rødryggen-1 and Brorson Halvø-1, 
respectively, were drilled in northern Wollaston Forland, 
North-East Greenland in 2009 and 2010, respectively. The 
Brorson Halvø-1 drill site is situated approximately 10 km 
north-east of the Rødryggen-1 drillsite, near the uplifted 
eastern crest of the fault block defined by the Permpas 
fault to the west and the Hühnerbjerg fault to the east 
(Fig. 1; Surlyk 1978). The Rødryggen-1 borehole is located 
near the centre of the same block. 

The main target of the drilling in both cores was the 
same Kimmeridgian–Ryazanian black mudstone succes-
sion with the primary objective being to delineate the lat-
eral development in facies of the Upper Jurassic – Lower 
Cretaceous mudstone succession in an evolving half- 
graben system in the Wollaston Forland area. The objec-
tive of this paper is to present an overview of the organic 
geochemistry of the Upper Jurassic – Lower Cretaceous 
mudstone succession in the Wollaston Forland Basin, 

based on new evidence from the Rødryggen-1 and Bror-
son Halvø- 1 boreholes (Fig. 1). Details of the drilling, 
sedimentology and stratigraphy of the Rødryggen-1 and 
Brorson Halvø- 1 boreholes can be found in Bojesen- 
Koefoed et al. (2023, this volume), Hovikoski et al. (2023b, 
this volume) and Alsen et al. (2023, this volume).

2. Geological setting and stratigraphy 
of the drilled succession
The Jurassic–Cretaceous Wollaston Forland Basin devel-
oped in response to rifting in the proto-North Atlantic to 
the east of the basin. The Wollaston Forland Basin is over-
all a system of westerly tilted fault blocks or half-grabens 
bounded to the west by the Dombjerg Fault and to the 
east by the Hühernbjerg Fault (Figs 1, 2; Surlyk, 1978, 
2003; Fyhn et al. 2021a). The basin is internally segmented 
into several subbasins defined by roughly north–south 
trending normal faults, which were active during various 
phases of the basin development (Fyhn et  al. 2021a,b; 
Hovikoski et al. 2023a,b and references therein). 

The two drill-cores penetrate the Kimmeridgian – 
lower Barremian succession, which includes four litho-
stratigraphic units (Fig. 3): (1) the Bernbjerg Formation, 
(2) the Lindemans Bugt Formation, Storsletten Member 
(Alsen et al. 2023, this volume), (3) the Palnatokes Bjerg 
Formation (the Albrechts Bugt Member and the Rødryg-
gen Member), and (4) the Stratumbjerg Formation  
(Bjerager et al. 2020; Surlyk et al. 2021). 

The upper Oxfordian – lower Volgian Bernbjerg For-
mation is up to 500–600 m thick and represents a tec-
tonically affected muddy shelf succession that crops out 
from Store Koldewey in the north to Traill Ø (Ø mean-
ing island) in the South (Surlyk & Clemmensen 1983; 
Surlyk 2003; Surlyk et  al. 2021). A major rift episode 
starting in the Volgian terminated the regionally con-
tinuous shelf accumulation and resulted in accelerated 
tilted fault-block development and basin segmentation 
that lasted until the Barremian in the western part of 
the area (Surlyk 1978, 1984, 1990, 2003; Piasecki et al. 
2020). As a result, the basin geometry changed into a 
series of narrow, 10–30 km wide, S–N-oriented basins 
that were strongly westwards tilted. In the most proxi-
mal fault block, the Volgian–Ryazanian syn-rift interval 
is characterised by major conglomeratic submarine fan-
delta systems (Lindemans Bugt Formation; Rigi Mem-
ber; Surlyk 1978; Henstra et  al. 2016), which graded 
into heterolithic and mud-dominated deposits in more 
distal areas (the Laugeites Ravine, Niesen and Storslet-
ten Members). The areal distribution of the Lindemans 
Bugt Formation is limited to north-eastern Clavering Ø, 
north-western Wollaston Forland, eastern Th. Thomsen 
Land (named  for the ethnographer Thomas Thomsen, 
known as Th. Thomsen (Higgins 2010)) and south-west 
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Fig. 1 Location maps. Overview map (left). Positions of the Rødryggen-1 and Brorson Halvø-1 boreholes on Wollaston Forland are shown on a 
simplified geological map (right). K.F.: Kuhn fault; P.F.: Permpas Fault; H.F.: Hühnerbjerg Fault; D.F.: Dombjerg Fault. The Dombjerg Fault was the  
main fault to control the position of the coastline during the Late Jurassic. The Permpas–Hühnerbjerg block(s) was bounded by the Kuppel and  
Hühnerbjerg Faults, which probably represented the main controlling faults in the block that is studied here, during the Late Jurassic. Reproduced 
from Bojesen-Koefoed et al. (2023, this volume).

Fig. 2 Conceptual, approximately SW–NE-oriented cross-section of Clavering Ø – Wollaston Forland, showing multiple westward-tilted fault blocks. 
Modified from Birkelund & Perch-Nielsen (1976) and Vischer (1943).
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Kuhn Ø (Surlyk 1978; Surlyk et al. 2021). The formation is 
wedge-shaped in a west–east direction and is estimated 
to reach a maximum thickness of 2 km.

The Valanginian stage is characterised by waning rift 
activity in the study area (late syn-rift) and transgres-
sion, whereas rifting continued in the axial areas to the 
east (Surlyk 1978, 1984, 2003; Surlyk & Korstgård 2013; 
Hovikoski et al. 2018). The Palnatokes Bjerg Formation 
was deposited during this period. The Formation crops 
out in Wollaston Forland, Kuhn Ø, Hochstetter Forland 
and Traill Ø (Surlyk 1978; Surlyk et al. 2021). Like the Lin-
demans Bugt Formation, the formation shows variable 
thickness in west–east transect and reaches a maxi-
mum thickness of 600 m. It includes the coarse-grained 
gravity flow deposits of the Young Sund and Falskebugt 
Members, and the fossiliferous fine-grained Albrechts 
Bugt and Rødryggen Members. The cored interval 
penetrates both fine-grained members and the recent 
biostratigraphic data suggest a Valanginan to Hauteriv-
ian age for these deposits (Alsen & Mutterlose 2009; 
Pauly et al. 2012; Möller et al. 2015). 

In the Brorson Halvø core, the Palnatokes Bjerg 
Formation is gradationally overlain by a thin inter-
val of upper Hauterivian sub-storm-wave-base bio-
turbated mudstones of the Stratumbjerg Formation 
(Bjerager et  al. 2020). This formation crops out from 
Traill Ø in the south to Store Koldewey in the north 
and reaches  its maximum thickness of 270 m in the 
Brorson Halvø area. 

3. Samples and methods
Samples used for the present study include material 
from the fully cored Rødryggen-1 and Brorson Halvø-1 
boreholes.

The Rødryggen-1 borehole reached a total depth (TD) 
of 234.66 m below terrain, with a core recovery of 99%. 
The lithostratigraphic units encountered include  the 
Bernbjerg Formation (Kimmeridgian – lower Volgian), the 
Lindemans Bugt Formation (lower Volgian – upper Ryaza-
nian) and the Palnatokes Bjerg Formation, Albrechts Bugt 
Member (upper Ryazanian – upper Valanginian; Alsen 
et  al. 2023, this volume). The succession penetrated by 

Fig. 3 Stratigraphic models of the Wollaston Forland – Kuhn Ø area. Left: the original stratigraphy by Surlyk (2003). Right: the revised stratigraphy 
after drilling of the Rødryggen-1 and Brorson Halvø-1 boreholes and incorporating changes introduced by Surlyk et al. (2021). The revised succession 
is much more complete and richer in mudstone than suggested by the original. East Greenl. Tect. Strat. Seq.: East Greenland Tectono-stratigraphic 
sequence. U: Upper. M: Middle. L: Lower. Abbreviations for geology are as follows: STR: Stratumbjerg Formation. R: Rødryggen Member. F: Falske Bugt 
Member. Pa: Palnatokes Bjerg Formation (Young Sund Member). Al: Albrechts Bugt Member. N: Niesen Member. Li: Lindemans Bugt Formation. Li (S): 
Lindemans Bugt Formation (Storsletten Member). Ri: Rigi Member. L: Laugeites Ravine Member. B: Bernbjerg Formation. Ug: Ugpik Ravine Member. 
J: Jakobsstigen Formation. Pay: Payer Dal Formation. Pe: Pelion Formation. Mu: Muslingebjerg Formation. Ba: Bastians Dal Formation. Black dashes 
indicate uncertain contact. Black vertical lines indicate boreholes, R-1: Rødryggen-1; BH-1: Brorson Halvø-1.

ChronostratigraphyWollaston Forland – Kuhn Ø East Greenl.
Tect. Strat.

seq.

R
FAlPa

Li
Ri

N

B

J

Pe

Ug

Pay

Mu

Ba Onlaps
crystalline
basementOnlaps

Upper Permian

W E

S N

S N

2.6

2.5

2.4

2.3

2.2

2.1

Hauterivian

Valanginian

Ryazan-
ian

Volg-
ian

Berri-
asian

Tithon-
ian

Kimmeridgian

Oxfordian

Callovian

Alluvial/delta plain – paralic, sand-dominated

Coal

Shallow marine sandstones

Shelf transition – sandstones, mudstones, heteroliths

O�shore/basinal mudstones

Deep marine sandstones

Deep marine conglomerates

Calcareous sandy marine mudstones

Red marine mudstones

Hiatus/condensed

Bathonian

Bajocian

Aalenian

C
re

ta
ce

ou
s

Ju
ra

ss
ic

Lo
w

er
U

pp
er

M
id

dl
e

U

M

L

U
L
U
M
L
U
M
L

U
M
L

U

L

U
M
L

L

ChronostratigraphyWollaston Forland – Kuhn Ø

R
?

Al

STR BH-1

R-1Pa

No data

Li Li (S)Ri

N

B

J

Pe

Ug

Pay

Mu

Ba Onlaps
crystalline
basementOnlaps

Upper Permian

W E Barremian

Hauterivian

Valanginian

Ryazan-
ian

Volg-
ian

Berri-
asian

Tithon-
ian

Kimmeridgian

Oxfordian

Callovian

Bathonian

Bajocian

Aalenian

C
re

ta
ce

ou
s

Ju
ra

ss
ic

Lo
w

er
U

pp
er

M
id

dl
e

U

M

U

L

L

U
M
L
U
M
L

U
M
L

U

L

U
M
L

L

?



Bojesen-Koefoed et al. 2023: GEUS Bulletin 55. 8320. https://doi.org/10.34194/geusb.v55.8320� 99 

GEUSBULLETIN.ORG

the borehole is stratigraphically complete and does not 
include any notable hiatuses. A total of 258 samples 
were subjected to total carbon (TC), total sulphur (TS), 
total organic carbon (TOC) and Rock-Eval type screening 
analyses, and subsets of these samples were selected 
for further analyses such as vitrinite reflectance analysis 
(12 samples), biological marker analysis (24 samples) and 
stable carbon isotopic analysis (20 samples). 

The Brorson Halvø-1 borehole reached a TD of 225.88 
m below terrain, with a core recovery of 99%. The  litho-
stratigraphic units encountered include the Bernbjerg 
Formation (Kimmeridgian – lower Volgian), the Lindemans 
Bugt Formation (middle Volgian), the Palnatokes Bjerg 
Formation including the Albrechts Bugt Member (upper 
Ryazanian – upper Valanginian), and Rødryggen Member 
(Hauterivian) and the Stratumbjerg Formation (Barremian; 
Alsen et al. 2023, this volume). The succession penetrated 
by the borehole is stratigraphically incomplete and includes 
notable hiatuses with significant portions of the upper 
part of the lower Volgian and the lower part of the mid-
dle Volgian being absent. A significant portion of the upper 
part of the middle Volgian, the entire upper Volgian and 
lower Ryazanian successions are also missing (Fig. 3). A 
total of 232 samples were subjected to TC/TS/TOC-Rock-
Eval type screening analyses, and subsets of these samples 
were selected for further analyses, such as vitrinite reflec-
tance analysis (10 samples), biological marker analysis (18 
samples) and stable carbon isotopic analysis (10 samples). 

In addition to the borehole samples, a set of out-
crop samples collected in the immediate vicinity of 
the Rødryggen-1 drill site were subjected to TC/TS/
TOC-Rock-Eval type screening analyses. The sample set 
represents dense sampling of a c. 30 m thick profile 
of the uppermost part of the Storsletten Member (Lin-
demans Bugt Formation), extending stratigraphically 
downwards from the well-defined boundary between 
the Storsletten Member of the Lindemans Bugt For-
mation and the overlying Albrechts Bugt Member. The 
boundary thus serves as a datum for the sampling, 
which can also be recognised in the Rødryggen-1 core. 
The outcrop samples were collected from regular out-
crops exposed by digging away the cover of loose shale 
debris. 

Analytical procedures, summarised here, are detailed 
in full in Bojesen-Koefoed et al. (2018). 

TC (wt%), TOC (wt%) and TS (wt%) were determined 
by combustion in a LECO CS-200 induction furnace. 
Petroleum potential was determined by Rock-Eval type 
pyrolysis using a Source Rock Analyzer (SRA) instrument, 
manufactured by Humble Instruments and Services and 
calibrated against the IFP160000 standard. 

Particulate blocks for reflected light microscopy were 
prepared and measured for vitrinite reflectance accord-
ing to international standards (Taylor et al. 1998). Several 

samples were also qualitatively inspected in reflected 
white light and fluorescence-inducing blue light.

Solvent extraction (samples powdered to <250 µm) 
was  carried out with methanol/dichloromethane 7:93 
vol./vol. as solvent using a Soxtec™. Asphaltenes were 
precipitated by addition of 40-fold excess n-pentane. Mal-
tene fractions were separated into saturated, aromatic 
and NSO fractions (NSO: compounds containing nitrogen, 
sulphur and oxygen and other heteroatoms) by medi-
um-pressure liquid chromatography (Radke et al. 1980).

Gas chromatography of saturated extract fractions was 
carried out using a Shimadzu GC-2010 instrument. Gas 
chromatography (GC) – mass spectrometry (MS) was car-
ried out using an Agilent 6890N gas chromatograph con-
nected to a Waters (Micromass) Quattro Micro GC tandem 
quadrupole-hexapole-quadrupole mass spectrometer.

4. Results

4.1 Thermal maturity
The thermal maturity of the successions penetrated 
by the Rødryggen-1 and Brorson Halvø-1 boreholes 
was assessed using a combination of several inde-
pendent parameters including the temperature at 
the maximum rate of pyrolysate generation (°C) Tmax 
and Production Index (PI) derived from Rock-Eval 
type pyrolysis, vitrinite reflectance (%Ro), and sterane 
isomerization ratios (Tables 1, 2, 4, 5). Fig.  4, upper 
panel, shows maturity data for both boreholes drilled 
versus depth. Fig.  4, lower panel, likewise shows 
maturity data versus depth but includes data on the 
stratigraphic breakdown and the presence of hiatuses 
in the Brorson Halvø-1 succession documented by 
Alsen et  al. (2023, this volume). Hence, the Brorson 
Halvø-1 data are shifted to accommodate two major 
hiatuses, assuming the thickness of missing sections 
equals the thickness of corresponding sections in 
the Rødryggen-1 borehole. Despite this very simplis-
tic approach, a surprisingly good match is obtained 
when considering detailed variations, see Fig. 5, which 
has been prepared in a similar way. In both boreholes, 
homohopane isomerization ratios have reached equi-
librium distribution, and thus carry no information on 
the maturity gradient, but demonstrate that the burial 
temperature has exceeded that required for the equi-
librium reaction to have been completed. 

The Rødryggen-1 borehole shows clearly increasing 
trends with depth in all parameters (Fig. 4). Tmax increases 
from c. 420°C in the Ryazanian succession to  430°C in the 
Kimmeridgian succession at the base of the borehole. PI 
shows a parallel increase from c. 0.04 to 0.08, whereas 
the vitrinite reflectance increases from c. 0.48% Ro to 
0.61% Ro, and sterane 20S/(20S+20R) isomerization ratio 
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goes from 0.30 to 0.49. Only the sterane αββ/(ααα+αββ) 
isomerization ratio shows a slightly more irregular depth 
trend, but on average, this ratio increases from c. 0.29 to 

0.36 over the succession penetrated by the Rødryggen-1 
borehole. Combined, the maturity parameters agree in 
suggesting that the succession is thermally immature 

Fig. 4 Thermal maturity parameters versus drilled depth below reference level (b. rfl.) for the Rødryggen-1 (red symbols/lines) and Brorson Halvø-1 
(blue symbols/lines) boreholes (upper panels) and the Rødryggen-1 (red symbols/lines) and Brorson Halvø-1 (blue symbols/lines) boreholes tak-
ing into account stratigraphic information (lower panels; Alsen et al. 2023, this volume). Two hiatuses in the succession penetrated by the Brorson 
Halvø-1 borehole have been compensated for by assuming that the thickness of the missing section equals the equivalent section in the Rødryggen-1 
borehole, which shows no hiatus. Hence, only samples of the Rødryggen-1 borehole show true drilled depths, while samples below the hiatus in the 
Brorson Halvø-1 section have been shifted to greater depths and may even appear deeper than the total depth (TD) of the Brorson Halvø-1 bore-
hole. Tmax: temperature of maximum rate of generation of pyrolysate during Rock-Eval type pyrolysis. Production Index: S1/(S1+S2) from Rock-Eval 
type pyrolysis. Ro (%): vitrinite reflectance. S29 20S/(20S+20R): C29 sterane 20αααS/(20αααS+20αααR) isomer ratio. S29 αββ/(αββ+ααα): C29 sterane  
20αββ/(20ααα+20αββ) isomer ratio. Total Dia/Regular: total diasteranes to total regular steranes ratio.
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with respect to petroleum generation but is approach-
ing oil-window maturity at the base of the borehole. 
The existence of a clear maturity gradient over such a 
limited depth interval is unexpected, but a similar fea-
ture is found in the Blokelv-1 borehole in Jameson Land 
(Bojesen-Koefoed et al. 2018), and in the Brorson Halvø-1 
borehole, situated approximately 10  km north-east of 
the  Rødryggen-1 drill site. Over the succession pene-
trated by the Brorson Halvø-1 borehole, Tmax increases 
from c. 435°C to 450°C with parallel increases in PI from 
c. 0.09 to 0.19, and in vitrinite reflectance from 0.54% Ro 
to 0.85% Ro. Sterane 20S/(20S+20R) isomerization ratios 
have reached equilibrium distribution in the entire suc-
cession, whereas the sterane αββ/(ααα+αββ) isomer ratio 
increases from c. 0.55 to 0.62 with depth. Combined, 
the maturity parameters suggest that the upper part of 
the succession just enters the oil-generative window, 
which extends further towards the base of the borehole.  
Comparing the two panels of Fig. 4, the hiatus has little 
detectable effect on the maturity profile of the Brorson 
Halvø-1 borehole. 

Despite the similar depth trends, which suggest a 
regionally high geothermal gradient, there is a notable 
difference in the level of thermal maturity observed in 
the two boreholes. 

4.2 Petroleum potential and organic facies 
variations
The succession penetrated by the Rødryggen-1 bore-
hole is stratigraphically complete with no notable hiatus. 
The Kimmeridgian and lower Volgian sections show a 
steady up-section decrease in TOC, from close to 6 wt% 
to c. 3 wt% at the transition to the middle Volgian (Fig. 5; 
Table 1). TS remains largely constant at c. 2.5 wt% over 
the same interval, whereas the S2-parameter displays 
some variation, which is shown by the derived Hydrogen 
Index (HI) that shows initial values close to 200 and a 
gradual upwards increase culminating locally with a HI 
of c. 300, some 35 m below the transition to the lower 
Volgian. The section above shows a decreasing trend 
with a minimum HI of c. 200 in the lowermost part of the 
lower Volgian section, followed by a notable increase 
towards the base of the middle Volgian to HI close to 
350. Average HI remains largely constant at 300–350 in 
the middle Volgian and the lower portion of the Ryaza-
nian sections, after which it essentially drops to zero. 
However, in general terms, the drilled succession shows 
only limited variation in kerogen type as defined by 
screening data, i.e. a gas–oil-prone kerogen type II/III 
(Fig. 6). Superimposed on the general trends described 
here are a number of subordinate trends. Both general 
and subordinate trends can often be tied to transgres-
sive-regressive cycles indicated by detailed sedimento-
logical analysis and various chemical proxies, and which 

in turn are linked to the tectonic evolution of the area as 
described by Hovikoski et al. (2023a,b).

The stratigraphically partly overlapping succession 
penetrated by the Brorson Halvø-1 borehole shows very 
similar detailed variations to the corresponding succes-
sion in the Rødryggen-1 borehole, except for the effects 
of increased thermal maturity, as shown by higher  
S1-values and lower S2-values and HI in the Brorson 
Halvø-1 borehole (Figs 5, 7; Table 2). Moreover, due to the 
presence of hiatuses, certain intervals are not present.

The uninterrupted sedimentary record demon-
strated by the succession drilled by the Rødryggen-1 
borehole and its low level of thermal maturity allow 
a more detailed assessment of the petroleum poten-
tial of the individual chronostratigraphic intervals. 
Using the method of Dahl et  al. (2004), the average 
proportions of inert/dead carbon and the average HI 
of the live kerogen fraction (HIlive) have been assessed 
(Fig. 8; Table 3). The results show that the Kimmeridg-
ian, lower Volgian, middle Volgian and upper Volgian 
successions all include similar proportions of dead 
carbon, yielding values roughly in the range 1.5–2.0 
wt%. Conversely, HIlive tends to increase steadily 
up-section to culminate at a value of 610 in the upper 
Volgian section. The Ryazanian succession shows very 
low proportions of inert/dead carbon and slightly 
lower HIlive than the upper Volgian section, but the 
data set is limited and includes non-source deposits. 

Several biological marker parameters and stable 
carbon isotope ratio data (δ13C) show trends that fol-
low those outlined for the screening data. Represen-
tative chromatograms and ion fragmentograms for 
both boreholes are shown in Figs 9 and 10. Key biolog-
ical markers and δ13C data are listed in Tables 4 and 
5, and selected biological marker parameters and δ13C 
data are shown versus depth for both boreholes in 
Fig. 11. With some scatter, the pristane/phytane ratio 
shows a slight, but clear upwards-decreasing trend 
over the entire drilled succession, with no clear dif-
ferences between the two boreholes. The isohopane 
ratio (Nytoft 2011) shows a much better defined, but 
very similar trend, i.e. a clear decrease from the base 
of the succession until the base of the middle Volgian 
succession from where the ratio seems to become 
stable. The homohopane ratio (Peters et al. 2005 and 
references therein) shows a clear increase upwards 
through the succession until the middle Volgian where 
the ratio becomes invariant. The boreholes show iden-
tical trends, but the Brorson Halvø-1 data are shifted 
in the order of 5 percentage points towards higher 
values. The Gammacerane Index in the Rødryggen-1 
borehole shows upwards-increase into the lower Vol-
gian, followed by a decrease continuing into the mid-
dle Volgian and a sharp increase and stabilisation in 
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the middle Volgian through the Ryazanian section. 
In the Brorson Halvø-1 borehole, no clear trends are 
observed. The proportion of C30 desmethyl steranes 
shows a steadily upwards-increasing trend through-
out the entire penetrated successions with no obvious 

differences observed between the two boreholes. The 
δ13C data shows a slight upwards-decrease in the Kim-
meridgian section, which becomes more pronounced 
upwards through the lower Volgian section followed 
by stabilisation or even a slight increase in the middle 

Fig. 5 Organic geochemical screening parameters versus drilled depth below reference level (b. rfl.) for the Rødryggen-1 (red symbols/lines) and 
Brorson Halvø-1 (blue symbols/lines) boreholes (upper panels) and the Rødryggen-1 (red symbols/lines) and Brorson Halvø-1 (blue symbols/lines) 
boreholes taking into account stratigraphic information (lower panels; Alsen et al. 2023, this volume). Two hiatuses in the succession penetrated by 
the Brorson Halvø-1 borehole have been compensated for by assuming that the thickness of the missing section equals the equivalent section in the 
Rødryggen-1 borehole, which shows no hiatus. Hence, only samples of the Rødryggen-1 borehole show true drilled depths, while samples below the 
hiatuses in the Brorson Halvø-1 section have been shifted to greater depths and may even appear deeper than the total depth (TD) of the Brorson 
Halvø-1 borehole. Stratigraphic ages as defined by the Rødryggen-1 borehole.
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Table 1 Summary of organic geochemical data per stratigraphic interval of the Rødryggen-1 borehole

Ryazanian upper Volgian middle Volgian lower Volgian Kimmeridgian

(n = 23) (n = 9) (n = 55) (n = 55) (n = 97)

TC
Minimum 0.81 3.55 2.49 2.80 4.28
Maximum 5.03 5.36 5.60 10.19 10.66
Mean 3.14 4.39 4.07 4.55 6.00

TS
Minimum 0.02 2.52 1.58 0.73 0.70
Maximum 6.49 8.80 12.05 4.21 5.91
Mean 3.10 5.04 3.75 2.21 2.72

TOC
Minimum 0.10 3.07 2.11 1.48 1.30
Maximum 4.77 4.68 5.37 5.61 7.22
Mean 2.37 3.98 3.72 3.91 5.36

Tmax

Minimum 419 419 420 421 424
Maximum 428 425 430 428 432
Mean 421 422 424 425 428

S1
Minimum 0.01 0.28 0.25 0.22 0.26
Maximum 0.80 0.60 1.05 1.20 1.58
Mean 0.46 0.47 0.64 0.60 1.01

S2
Minimum 0.33 8.93 5.39 2.36 2.77
Maximum 19.46 15.41 19.83 14.98 17.99
Mean 13.58 12.89 12.61 9.13 12.76

HI
Minimum 39 271 214 136 137
Maximum 445 363 431 342 308
Mean 355 324 335 231 238

PI
Minimum 0.03 0.03 0.03 0.04 0.05
Maximum 0.04 0.04 0.07 0.09 0.13
Mean 0.03 0.04 0.05 0.06 0.07

TC: Total Carbon (wt%). TS: Total Sulphur (wt%). TOC: Total Carbon (wt%). Tmax: Tmax (°C) from Rock-Eval pyrolysis, S1: Free hydrocarbons (mg/g) from 
Rock-Eval pyrolysis. S2: Pyrolytic hydrocarbons (mg/g) from Rock-Eval pyrolysis. HI: Hydrogen Index (100 × S2/TOC). PI: Production Index (S1/(S1+S2)). 

Table 2 Summary of organic geochemical data per stratigraphic interval of the Brorson Halvø-1 borehole

Ryazanian middle Volgian lower Volgian Kimmeridgian

(n = 3) (n = 8) (n = 125) (n = 62)

TC
Minimum 0.71 2.62 2.86 4.58
Maximum 1.28 3.93 3.91 10.95
Mean 0.99 3.54 3.48 6.35

TS
Minimum 3.76 2.44 2.44 1.03
Maximum 5.79 9.63 9.63 6.72
Mean 4.57 5.46 4.74 3.07

TOC
Minimum 0.04 2.23 1.76 1.64
Maximum 0.10 3.79 6.58 8.07
Mean 0.06 3.08 4.05 5.74

Tmax

Minimum 406 433 436 443
Maximum 435 438 438 452
Mean 423 436 437 447

S1
Minimum 0.00 0.76 0.76 0.48
Maximum 0.00 1.67 1.67 2.91
Mean 0.00 1.19 1.25 2.23

S2
Minimum 0.00 6.52 6.52 1.87
Maximum 0.00 10.94 10.94 15.77
Mean 0.00 9.07 8.61 10.64

HI
Minimum 0 250 250 114
Maximum 0 324 325 220
Mean 0 294 303 184

PI

Minimum n.a. 0.07 0.10 0.13
Maximum n.a. 0.20 0.20 0.36
Mean n.a. 0.12 0.13 0.18

TC: Total Carbon (wt%). TS: Total Sulphur (wt%). TOC: Total Carbon (wt%). Tmax: Tmax (°C) from Rock-Eval pyrolysis. S1: Free hydrocarbons (mg/g) from 
Rock-Eval pyrolysis. S2: Pyrolytic hydrocarbons (mg/g) from Rock-Eval pyrolysis. HI: Hydrogen Index (100 × S2/TOC). PI: Production Index (S1/(S1+S2)).
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Fig. 6 Standard plots of organic geochemical screening data from the Rødryggen-1 borehole.
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Fig. 7 Standard plots of organic geochemical screening data from the Brorson Halvø-1 borehole.

380 390 400 410 420 430 440 450 460 470 480 490 500 510 520

Tmax (°C)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Pr
od

uc
ti

on
 In

de
x 

(S
1/

(S
1+

S2
))
Brorson Halvø-1 borehole

middle Volgian
lower Volgian
Kimmeridgian

Immature Oil
Condensate, 

wet gas
Dry gas

Staining or contamination

Low maturity conversion

400 450 500 550

Tmax (°C)

0

100

200

300

400

500

600

700

800

900

1000
H

yd
ro

ge
n 

In
de

x

0.1 1 10 100

TOC (%)

0.1

1

10

100

S2
 (m

g 
H

C
/g

 ro
ck

)

Excellent

Excellent

Good

G
ood

Fair
Poor

Poor



Bojesen-Koefoed et al. 2023: GEUS Bulletin 55. 8320. https://doi.org/10.34194/geusb.v55.8320

GEUSBULLETIN.ORG

106

Volgian through Ryazanian section. Overall, the δ13C 
trend is mirrored in the homohopane ratio, the isoho-
pane ratio and the proportion of C30 desmethyl ster-
anes. Moreover, δ13C and the pristane/phytane ratio 
is reasonably well correlated, with increasing isotopic 
depletion and decreasing average pristane/phytane 
ratio up-section (Fig. 12). 

Superimposed on the general trends described here, 
minor trends can be observed in several data sets, 
which combined with detailed sedimentology and main 
and trace element data are reported by Hovikoski et al. 
(2023a). 

4.3 Outcrop versus borehole samples: 
weathering effects
The proximity of the sampled outcrop profile to the 
Rødryggen-1 drill site allows a close comparison of 
borehole versus outcrop data and thus assessment of 
weathering effects. Key data for outcrop and correla-
tive borehole samples are shown in Fig. 13. The con-
tents of TOC, and hence roughly the concentration of 
organic matter, do not show conspicuous differences 
between outcrop and borehole samples, but the qual-
ity of the organic matter, using HI as a proxy, is remark-
ably different. With only one exception, represented by 
a low-value spike on the drill-core sample data curve, 
the HI values are consistently and significantly lower 
in outcrop samples compared to drill-core samples. 
On average, borehole data show HI values (average 
HI 343) that are a factor of three to four greater than 
the values yielded in corresponding outcrop samples 
(average HI 102). TS concentrations in outcrop samples 
(average TS = 2.4%), which due to the clayey nature of 
the sediments can be safely assumed to primarily rep-
resent pyritic sulphur, are approximately half of the 
values observed in fresh drill-core samples (average 
TS = 4.3%). 

5. Discussion

5.1 Thermal maturity
The presence of clear and consistent gradients in several 
independent thermal maturity indicators over such lim-
ited depth intervals as represented by the drilled succes-
sions of the Rødryggen-1 and Brorson Halvø-1 boreholes 
is remarkable, but a similar trend was observed in the 
Blokelv-1 borehole in Jameson Land (Bojesen-Koefoed 
et al. 2018). The trend can be explained by considering 
the processes of thermal maturation and the amount of 
uplift and erosion that has taken place in the Wollaston 
Forland region. Based on apatite fission track data, Bonow 
& Japsen (2021) estimate that 2–3 km of sediments and 
volcanic deposits have been removed by erosion, which 

with a slightly higher than normal geothermal gradient 
suggests that the succession was near to or within the ‘oil 
window’ during the time of maximum burial. Assuming 
a higher-than-normal geothermal gradient seems rea-
sonable considering rifting and magmatic activity in the 
area. The processes associated with thermal maturation 
and the conversion of kerogen into petroleum are not 
linear but include several ‘thresholds’, known as ‘coalifi-
cation jumps’ in coal-petrographic nomenclature (Taylor 
et al. 1998). Such coalification jumps are defined by rapid 
changes in the rates of the maturation processes. Incip-
ient petroleum generation or the start of the oil window 
coincides with the first coalification jump at which point 
several processes related to petroleum generation accel-
erate. This causes the non-linearity of maturation profiles 
commonly seen in exploration wells entering or pene-
trating the oil-generative window. The thermal maturity 
of the Rødryggen-1 and Brorson Halvø-1 successions 
includes the transition into or remains within, respec-
tively, the oil-generative window. Due to rapid uplift 
and erosion, which removed the overlying succession, 
petroleum generation ceased while leaving the unusual 
maturity gradient. The pronounced difference in thermal 
maturity between the two boreholes cannot readily be 
explained, but it may be speculated if the Brorson Halvø 
area was more affected by magmatic intrusions than 
the central parts of the basin where the Rødryggen-1 
borehole is situated. Basaltic lavas and magmatic intru-
sions of various sizes crop out in the Brorson Halvø area 
whereas none are known in the immediate vicinity of the 
Rødryggen-1 borehole. The effects of magmatic intru-
sions and hydrothermal waters on encasing sedimentary 
rocks are well known (e.g. Searl 1994; Bojesen-Koefoed 
et al. 2018, 2020). 

5.2 Petroleum potential and organic facies 
variations
The variations in organic facies reflect large-scale 
variations in depositional environment linked to rel-
ative sea-level changes, which in turn can be related 
to phases of the rifting in the region and tectonostrati-
graphic development. The overall trends are cursorily 
discussed further here, whereas a detailed account 
can be found in Hovikoski et  al. (2023a,b), who also 
describe notable differences in the detailed sedimen-
tology of the successions drilled by the two boreholes. 
However, since these have little impact on the general 
organic geochemical character of the deposits, they are 
not considered here.

The Kimmeridgian succession in general represents 
an oxygen-restricted depositional environment, receiv-
ing considerable amounts of allochthonous/terrigenous 
organic matter. Towards the end of the Kimmeridgian, 
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Fig. 8 Assessment of HIlive (i.e. HI of the actively petroleum-generating part of the kerogen) and dead carbon (i.e. the carbon fraction that is inert with 
respect to petroleum generation) per stratigraphic unit of the Rødryggen-1 borehole, following the procedure of Dahl et al. (2004). Data are listed in 
Table 3. S2: Pyrolytic hydrocarbons (mg/g) from Rock-Eval pyrolysis. TOC: Total organic carbon.
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Table 3 Average contents of inert carbon and hydrogen index values 
of the reactive kerogen fraction per stratigraphic interval of the Rødryg-
gen-1 borehole. Calculated using the method of Dahl et al. (2004)

Interval Inert C (%) Live kerogen HI

Ryazanian 0.60 463
Late Volgian 1.87 610
Middle Volgian 1.45 559
Lower Volgian 1.52 383
Kimmeridgian 1.42 332

a gradual change occurs, pointing to increasing stagna-
tion and reduced input of allochthonous/terrigenous 
organic matter and increasing proportions of autoch-
thonous/marine organic matter in the sediments, corre-
sponding to an overall transgression, probably eustatic 
in nature compounded by the effects of initial rifting 
(Hovikoski et  al. 2023a). This is clearly demonstrated 
in the sediments by the decreasing levels of TOC, coin-
ciding with steadily increasing values of HI. The trans-
gressive trend is also manifest in decreasing pristane/
phytane and isohopane ratios, increasing proportions of 
marine C30 desmethyl steranes and slightly decreasing 
δ13C (Figs 5, 11). 

After a period of stabilisation in the latest part of the 
Kimmeridgian, the lower Volgian succession records 
renewed transgression and further water column stag-
nation, extending well into the lower part of the mid-
dle Volgian. This is shown in the deposits by stable or 
slightly decreasing TOC paralleled by increasing HI, 
further decreases in pristane/phytane and isohopane 
ratios, increasing homohopane ratio and proportion of 
marine C30 desmethyl steranes plus further carbon iso-
topic depletion leading to decreasing δ13C (Figs 5, 11).

Overall, the succession from the lower part of the mid-
dle Volgian through the Ryazanian seems to represent 
a fairly stable highstand with sediments dominated by 
autochthonous organic matter with a background con-
tribution of allochthonous terrigenous organics. Minor 
variations may perhaps be attributed to local develop-
ment of the rift. Hence, most parameters remain stable 
or show only weak trends. 

The general trends in relative sea level largely, albeit 
not fully, conform to the findings of Sneider et al. (1995) 
and Surlyk (2003), albeit with a shift in timing suggesting 
somewhat younger ages of the events recorded. 

The Kimmeridgian through Ryazanian succession, 
however, overall records a development including a 
gradual decrease in terrigenous input, increasing stag-
nation and marine organic input. This is illustrated in 
Fig. 12, where δ13C and the pristane/phytane ratio both 
decrease upwards through the section. This is also 
depicted as a gradual transition from ‘deltaic’ sedimen-
tation in the Kimmeridgian towards increasingly marine 

sedimentation in the Volgian–Ryazanian. This develop-
ment determines the petroleum-generation potential 
of the resulting deposits. The entire succession shows 
high potential for petroleum generation, developing 
from predominantly gas–oil-prone kerogen in the Kim-
meridgian towards an increasingly oil-prone kerogen 
up-section (see also Section 5.4  KinexTM modelling). 
This is also evident from the calculation of the average 
characteristics for partial sections defined by chronos-
tratigraphic breakdown (Fig. 8; Table 3). The average HI 
shows a steady increase from the Kimmeridgian through 
the upper Volgian succession, and at the same time the 
proportion of inert carbon remains rather stable. The 
data on the Ryazanian are not fully representative for 
the petroleum potential since the data set also includes 
samples from the non-source section deposited after 
ventilation of the basin in the later part of the Ryazanian. 

5.3 Outcrop versus borehole samples: 
weathering effects
Compared to correlative stratigraphic intervals in the 
greater North Atlantic area, outcrop samples of the 
Upper Jurassic – Lower Cretaceous succession in East 
and North-East Greenland often show surprisingly low 
petroleum potential (Requejo et  al. 1989; Christiansen 
et  al. 1992; Strogen et  al. 2005; Bojesen-Koefoed et  al. 
2018). The exact reason for this is not fully understood 
but based on the data reported in this paper as well as 
the observations of Bojesen-Koefoed et  al. (2018) an 
important cause may be the very large concentrations 
of finely disseminated pyrite present in the shales. 
Weathering of pyrite will ultimately generate sulphu-
rous and sulphuric acids, which, by their oxidising 
nature, may attack kerogen and reduce its petroleum 
potential. In addition, decomposition through microbial 
sulphate reduction is conceivable since several strains 
of sulphate-reducing bacteria seem to be facultative 
anaerobes, and are thus able to survive or perhaps even 
proliferate in oxic environments (Sass & Cypionka 2007). 
In the present case, the true HI may be reduced by a 
factor of 3 or more due to weathering (Fig. 13). Hence, 
although the underlying reason is not fully clear, it can 
be concluded that in the present case, outcrop samples 
are unsuitable for assessing the true potential for petro-
leum generation of the deposits. A common sign of 
weathering of pyrite is encrustations of greenish-yellow 
jarosite on outcrop faces, and this occurs frequently in 
the succession studied here. Jarosite is a potassium-iron 
sulphate-mineral (KFe3(SO4)2(OH)6), characteristically 
formed by pyrite weathering. Several published studies 
report similar effects but with TOC levels often much 
more reduced than those observed here (Leythaeuser 
1973; Clayton & Swetland 1978; Raiswell & Berner 1986; 
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Fig. 9 Biological marker data from the Rødryggen-1 borehole. Characteristic fingerprints of samples representing the upper (sample #17895, 37.88 m, 
upper Volgian) and lower (sample #18086, 216.55 m, Kimmeridgian) parts of the drilled succession. GC-MS-MS parent–daughter traces for steranes 
and hopanes represent the sum of five and nine parent–daughter transitions, respectively.
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Fig. 10 Biological marker data from the Brorson Halvø-1 borehole. Characteristic fingerprints of samples representing the upper (sample #18623, 
64.23 m, lower Volgian) and lower (sample #18889, 224.69 m, Kimmeridgian) parts of the drilled succession. GC-MS-MS parent–daughter traces for 
steranes and hopanes represent the sum of five and nine parent–daughter transitions, respectively.
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Littke et al. 1991; Petsch et al. 2000; Tang et al. 2018; Pan 
et al. 2022). Unravelling the causes for this difference is, 
however, beyond the scope of the present paper. 

5.4 KinexTM modelling
Variations in petroleum generation potential in the 
shale section of the Rødryggen-1 borehole were 

Table 4 Key biological marker data from the Rødryggen-1 borehole

Sample # Stratigraphy Depth 
(m)

Pr/Ph BHN 
index

D30 
index

IHR HHI S27 (%) S28 (%) S29 (%) S30 (%) S29  
(S/(S+R))

S29 ββ/
(ββ+αα) 

Dia/Reg 
steranes

δ13C 
(total)

17097 Ryazanian 25.00 2.52 2.89 7.81 0.12 4.89 32.1 28.3 29.0 10.6 0.30 0.29 2.41  
17886 Ryazanian 28.89 2.15 7.57 9.35 0.11 6.39 35.9 29.2 24.2 10.6 0.30 0.33 2.16 –29.1
17895 upper Volgian 37.88 2.55 2.13 9.22 0.11 4.69 37.1 27.9 27.1 7.9 0.29 0.33 1.96 –29.0
17905 middle Volgian 47.06 2.85 1.98 9.68 0.12 4.18 35.4 27.9 26.0 10.7 0.30 0.30 1.77 –29.2
17916 middle Volgian 56.88 2.24 4.68 9.73 0.11 6.65 30.6 33.1 26.8 9.4 0.30 0.30 1.61 –29.2
17924 middle Volgian 64.47 3.34 7.79 6.01 0.11 4.24 35.1 29.7 26.8 8.3 0.30 0.30 1.72  
17935 middle Volgian 74.92 3.84 29.10 7.89 0.10 5.12 35.2 31.1 25.7 8.0 0.33 0.32 1.78 –29.9
17944 middle Volgian 83.57 2.15 19.42 8.55 0.10 8.18 32.9 31.9 28.5 6.6 0.33 0.32 1.61 –29.7
17953 middle Volgian 92.23 2.04 3.12 8.26 0.10 7.16 31.9 31.6 28.6 7.8 0.33 0.29 1.28 –29.9
17962 lower Volgian 100.73 2.21 1.40 6.23 0.10 6.42 31.5 31.7 29.0 7.9 0.35 0.30 1.52 –29.4
17973 lower Volgian 110.15 2.38 43.26 8.57 0.11 5.54 30.7 31.3 31.5 6.5 0.37 0.33 2.37 –28.4
17983 lower Volgian 119.77 3.19 68.03 8.71 0.12 4.23 30.6 29.6 34.7 5.0 0.38 0.36 2.58 –28.1
17992 lower Volgian 128.22 3.82 65.55 8.70 0.12 4.20 28.2 28.7 37.1 6.0 0.41 0.23 0.77 –28.2
18002 lower Volgian 139.26 3.13 82.51 9.27 0.11 5.53 26.7 17.8 51.0 4.4 0.42 0.24 1.54 –27.3
18012 lower Volgian 148.46 3.13 72.91 9.62 0.11 4.51 25.8 21.1 48.7 4.4 0.44 0.23 0.77 –27.2
18023 Kimmeridgian 158.77 2.64 70.66 9.81 0.12 4.86 28.7 27.9 37.8 5.6 0.42 0.34 2.18 –27.8
18032 Kimmeridgian 167.24 2.70 57.72 7.62 0.11 4.31 29.7 25.3 40.1 4.9 0.44 0.32 2.08 –27.3
18042 Kimmeridgian 176.33 2.51 47.73 8.73 0.10 4.63 31.8 27.3 35.4 5.6 0.43 0.32 1.81  
18054 Kimmeridgian 187.85 4.18 28.12 7.25 0.12 2.85 31.7 27.8 33.3 7.1 0.45 0.33 2.04 –27.3
18064 Kimmeridgian 197.24 2.71 46.42 8.33 0.12 3.50 30.4 29.3 34.2 6.1 0.45 0.34 1.83 –27.4
18075 Kimmeridgian 207.21 3.07 53.48 8.45 0.11 3.84 30.3 29.2 34.6 5.8 0.49 0.41 2.08 –26.7
18086 Kimmeridgian 216.55 3.94 76.54 7.73 0.13 3.41 28.1 27.0 40.8 4.1 0.48 0.38 2.66  
18094 Kimmeridgian 224.44 2.94 28.86 7.97 0.12 4.20 31.0 28.3 35.2 5.5 0.49 0.35 2.06 –27.0
18109 Kimmeridgian 234.66 3.54 78.08 8.37 0.12 4.36 28.2 28.1 37.9 5.8 0.49 0.37 1.59 –26.6

Pr/Ph: pristane/phytane ratio. BNH Index: 100 × (28,30-bisnorhopane/(28,30-bisnorhopane+hopane)). D30 Index: 100×*(C30-diahopane/(C30-diaho
pane+hopane)). IHR: isohopane ratio (Nytoft 2011). HHI: Homohopane Index: 100 × (H35 hopanes)/(sum of H31–35 hopanes), S27 (%), S28 (%), S29 
(%), S30 (%). normalised distribution of C27–C30 total steranes, S29 (S/(S+R)). C29 sterane 20S/(20S+20R) isomer ratio, S29 (ββ/ββ+αα). C29 sterane αββ/
(αββ+ααα) isomer ratio, Dia/Reg. total diasteranes/total regular steranes, δ13C (total). stable carbon isotopic composition, total extract.

Table 5 Key biological marker data from the Brorson Halvø-1 borehole

Sample # Stratigraphy Depth 
(m)

Pr/Ph H28 
index

D30 
index

IHR HHI S27 (%) S28 (%) S29 (%) S30  
(%)

S29  
(S/(S+R))

S29 ββ/ 
(ββ+αα)

Dia/Reg 
steranes

δ13C 
(total)

18599 middle Volgian 41.28 2.19 0.00 8.73 0.10 12.91 34.0 28.8 25.9 11.4 0.56 0.56 3.30 –30.0
18600 middle Volgian 42.09 2.31 0.28 7.63 0.10 12.41 33.2 27.3 26.6 12.9 0.54 0.55 3.41
18611 lower Volgian 52.41 2.12 0.51 7.83 0.11 12.12 27.6 29.3 34.6 8.6 0.53 0.55 3.39
20158 lower Volgian 52.95 2.10 0.86 7.18 0.11 12.09 28.2 29.0 34.9 7.8 0.55 0.56 3.23
18623 lower Volgian 64.23 3.46 22.75 7.87 0.12 9.39 27.7 25.8 39.2 7.3 0.52 0.54 3.81 –28.6
18635 lower Volgian 75.28 2.52 19.46 9.87 0.12 10.22 28.0 25.3 39.5 7.2 0.54 0.55 2.73
18648 lower Volgian 87.78 2.67 23.49 9.60 0.12 10.01 30.9 24.4 37.2 7.6 0.53 0.56 2.32 –28.8
18659 lower Volgian 98.08 2.52 23.91 8.75 0.11 10.26 25.7 23.9 43.6 6.8 0.54 0.60 1.54 –28.0
18672 lower Volgian 111.25 2.84 24.48 7.81 0.11 10.73 24.3 19.4 50.0 6.4 0.56 0.61 1.17 –27.8
18695 lower Volgian 132.43 2.35 26.22 7.76 0.12 10.12 23.8 18.7 52.2 5.2 0.54 0.60 1.45 –27.4
18711 lower Volgian 148.83 2.47 4.03 8.76 0.14 8.75 29.4 25.6 36.8 8.1 0.55 0.61 2.35
18718 lower Volgian 155.74 2.75 3.28 9.81 0.14 6.94 29.4 24.3 37.5 8.8 0.54 0.61 3.01 –27.7
19820 Kimmeridgian 172.02 2.93 12.36 8.89 0.13 8.19 29.4 24.3 40.5 5.8 0.56 0.63 2.85
18741 Kimmeridgian 178.19 2.99 16.32 10.04 0.15 8.49 27.0 20.1 48.2 4.8 0.53 0.62 2.19 –27.8
19821 Kimmeridgian 184.35 2.87 10.19 10.86 0.13 7.75 27.9 23.3 42.7 6.1 0.54 0.65 3.13
18865 Kimmeridgian 201.23 2.79 9.91 14.21 0.17 8.58 28.3 21.6 44.1 6.0 0.55 0.62 3.34 –26.7
18882 Kimmeridgian 217.89 2.38 4.15 20.58 0.19 10.40 30.8 23.1 39.6 6.4 0.52 0.62 1.54
18889 Kimmeridgian 224.69 3.07 3.65 21.11 0.18 7.79 26.8 23.7 43.9 5.5 0.52 0.61 4.24 –26.9

Pr/Ph. pristane/phytane ratio, BNH index. 100 × (28,30-bisnorhopane/(28,30-bisnorhopane+hopane)), D30 index. 100 × (C30-diahopane/(C30-diaho-
pane+hopane)), IHR. isohopane ratio (Nytoft 2011), HHI. Homohopane Index: 100 × (H35 hopanes)/(sum of H31–35 hopanes), S27 (%), S28 (%), S29 
(%), S30 (%). normalised distribution of C27–C30 total steranes, S29 (S/(S+R)). C29 sterane 20S/(20S+20R) isomer ratio, S29 (ββ/ββ+αα). C29 sterane αββ/
(αββ+ααα) isomer ratio, Dia/Reg. total diasteranes/total regular steranes, δ13C (total). stable carbon isotopic composition, total extract.
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Fig. 11 Biological marker parameters versus drilled depth below reference level (b.rfl.) for the Rødryggen-1 (red symbols) and Brorson Halvø-1 (blue 
symbols) boreholes (upper panels) and the Rødryggen-1 (red symbols) and Brorson Halvø-1 (blue symbols) boreholes taking into account strati-
graphic information (lower panels; Alsen et al. 2023). Two hiatuses in the succession penetrated by the Brorson Halvø-1 borehole have been compen-
sated for by assuming that the thickness of the missing section equals the equivalent section in the Rødryggen-1 borehole, which shows no hiatus. 
Hence, only samples of the Rødryggen-1 borehole show true drilled depths, while samples below the hiatuses in the Brorson Halvø-1 section have 
been shifted to greater depths and may even appear deeper than the total depth (TD) of the Brorson Halvø-1 borehole. Stratigraphic ages as defined 
by the Rødryggen-1 borehole.

quantified by estimating the generated fluid phases 
(oil and gas) using Kinex™ modelling (ZetaWare Inc.; 
herein referred to simply as Kinex modelling) to cal-
culate the Ultimate Expulsion Potential (UEP; mmboe/
km2). The UEP shows the ultimate expellable volume 

of hydrocarbons in million barrels of oil equivalent 
(mmboe) per km2 if the entire shale section cored by 
Rødryggen-1 passed through the petroleum genera-
tion window. Calculation of the UEP applies the kinet-
ics of organofacies B (marine clay-rich shale, largely 
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Fig. 12 Stable carbon isotope ratio (δ13C) of total extracts versus pristane/phytane ratio. Note gradual isotopic depletion occurs parallel to decreasing 
average pristane/phytane ratio up-section. Plot modified from Chung et al. (1992).

Fig. 13 Comparison of outcrop and borehole data at the Rødryggen-1 drill site. The outcrop profile was sampled using the sharp boundary to the 
Albrechts Bugt Member as datum. Orange curve: outcrop data. Black curve: Drill-core samples.
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Fig. 14 Ultimate Expulsion Potential (UEP) of the cored shale section on 
Rødryggen-1 borehole. The UEP profile through the shales shows vary-
ing source-rock quality and generation potential in terms of generation 
products. The shales are relatively gas-prone, but the middle Volgian to 
Ryazanian shales are mostly oil-prone. L.: Lower. M.: Middle. U.: Upper. 

Fig. 15 Cumulative expelled C6+ hydrocarbons (oil, HC6+) and C1–5 
hydrocarbons (gas, HC1–6) of the Rødryggen-borehole. Oil generation 
terminates at about 1.0–1.1% Ro.

equal to Type II kerogen; Pepper & Corvi (1995a)) and 
the Pepper & Corvi (1995b) expulsion model where 
the retention of hydrocarbons is only adsorption-con-
trolled (hydrocarbons will expel when the adsorption 
threshold is exceeded). The shale section was split 
into 258 subsections based on cuttings sampling 
density, resulting in an average subsection thickness 
of 0.91 m. Due to thermal immaturity of the shales 
(vitrinite reflectance <0.61%  Ro), the measured TOC 
and HI values for each cuttings/subsection were used. 

The total UEP of the c. 235 m thick shale section is 
c. 44 mmboe/km2, but the source-rock quality varies 
significantly through the shales (Fig. 14). The Kimme-
ridgian and lower Volgian sections show the poorest 
source-rock quality and are relatively gas-prone. The 
source-rock quality improves significantly in the mid-
dle Volgian to Ryazanian age mudstones that show 
increased capacity to generate liquid hydrocarbons 
(Fig. 14). However, overall the mudstone section in 
Rødryggen-1 is relatively gas-prone and does not pos-
sess the outstanding source-rock quality commonly 
observed in the upper Volgian and Ryazanian shales 
of the Kimmeridge Clay Formation and equivalents, 
such as the Spekk, Draupne, Mandal and Farsund 
Formations in the North Sea and Atlantic Margin (e.g. 
Von der Dick et  al. 1989; Miller 1990; Chakhmakh-
chev et  al. 1994; Klemme 1994; Telnæs et  al. 1994; 
Fowler & McAlpine 1995; Isaksen & Ledje 2001; Ine-
son et  al. 2003; Justwan & Dahl 2005; Justwan et  al. 
2005, 2006a,b; Petersen et  al. 2010). The UEP can 
be divided into an Ultimate Expulsion Oil (UEO) and 
an Ultimate Expulsion Gas (UEG), which are c. 15.6 
mmboe/km2 and c. 28.6 mmboe/km2, respectively. 
This is in line with HI values in the most oil-prone mid-
dle Volgian, upper Volgian and Ryazanian shales only 
reaching maximum values of 431 mg HC/g TOC, 405 
mg HC/g TOC and 445 mg HC/g TOC. These moderate 
maximum HI values may reflect the narrow nature of 
the rift (approx. 30 km), which allows a background 
contribution of terrigenous organic matter with low 
potential for petroleum generation, irrespective of 
basin stagnation and oxygen deficiency. The relatively 
gas-prone character of the shales is also illustrated 
by the modelled cumulative expelled volumes where 
oil (HC6+) generation and expulsion end at about  
1.0–1.1%  Ro while significant gas generation contin-
ues at higher maturities (Fig. 15).

6. Conclusions
The Rødryggen-1 and Brorson Halvø-1 fully cored 
boreholes were drilled in Wollaston Forland (North-
East Greenland, approx. 74°N). They have tested 
the development in sedimentary environments 
and petroleum-source potential of Upper Jurassic 
– Lower Cretaceous organic-rich mudstones at two 
different positions within an evolving halfgraben, 
situated at the margin of the main North Atlantic 
rift system, and thus partially detached from it. The 
overall halfgraben is, however, segmented in sev-
eral subblocks, which evolved quasi-independently 
through the Upper Jurassic – Lower Cretaceous. The 
two boreholes were thus drilled at different locations 
within the Permpas–Hühnerbjerg block(s), bounded 
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Fig. 16 Summary of the combined stratigraphic coverage of the Blokelv-1 
(Jameson Land), Rødryggen-1 and Brorson Halvø-1 boreholes (Wol-
laston Forland). For details on the Blokelv-1 borehole, see Ineson & 
Bojesen-Koefoed (2018). Combined information from the three bore-
holes indicates that deposition of organic-rich mudstones with petro-
leum-generation potential prevailed for a period of approximately 20 
million years in North-East Greenland during the Late Jurassic – Early 
Cretaceous. U.: Upper. M.: Middle. L.: Lower.

by the Dombjerg Fault to the west and the Hühnerb-
jerg Fault to the east, which probably were the main 
controlling faults in the studied block during the Late 
Jurassic. 

The Rødryggen-1 borehole was drilled to a depth 
of approx. 236 m, in the central part of the basin and 
includes an uninterrupted mudstone succession rang-
ing in age from the upper Kimmeridgian to the upper 
Valanginian. The Brorson Halvø-1 borehole was drilled 
to a depth of approximately 226 m close to the uplifted 
eastern crest of the same block and includes a succes-
sion ranging in age from the upper Kimmeridgian to 
the lower Barremian, however with two major hiatuses 
in the middle Volgian and upper Volgian – Ryazanian 
sections. 

Based on the combined indications of several inde-
pendent parameters such as Tmax, vitrinite reflectance 
and sterane isomerization ratios, the Rødryggen-1 suc-
cession is thermally immature but approaching oil-win-
dow maturity, whereas the Brorson Halvø-1 succession 
is oil-window mature. The causes for the differences 
in thermal maturity are not clear but may be linked 
to the presence of abundant Palaeogene intrusions in 
the vicinity of the Brorson Halvø-1 drill site. Such intru-
sions are not known near the Rødryggen-1 drill site. 
Both boreholes show consistent increases in thermal 
maturity with depth, which is surprising considering 
the limited depth of the boreholes. The trends may be 
explained by rapid uplift, which quenched non-linear 
maturity trends, characteristic of the oil window. A sim-
ilar trend was reported for the Blokelv-1 borehole in 
Jameson Land.

Bearing in mind the hiatus and the differences in 
thermal maturity between the two boreholes, the 
organic geochemical characteristics of the two succes-
sions are remarkably similar, despite the differences 
in setting within the graben system. Others have 
demonstrated notable differences in the detailed sed-
imentology of the two successions, but the impact of 
sedimentological processes on the organic matter 
content of the deposits seems to have been trivial in 
this case. This suggests that the organic matter con-
tent of the deposits was governed by higher order 
processes such as primary productivity and the pres-
ervation potential at the sediment-water interface, 
and that these factors remained rather constant irre-
spective of the sedimentary processes operating near 
the seabed. 

The Kimmeridgian through Ryazanian succession 
in general records a transgressive development with 
gradual decrease in terrigenous organic matter input, 
increasing bottom-water stagnation oxygen deficiency 
and marine organic-matter input. Superimposed on the 
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overall trend are several minor trends related to the 
detailed development of the rift, discussed in detail by 
Hovikoski et al. (2023a,b). 

The petroleum-generation potential of the imma-
ture/early mature Kimmeridgian through Ryaza-
nian succession of the Rødryggen-1 borehole may 
be described as oil-prone or gas–oil-prone, growing 
increasingly oil-prone upwards. However, Kinex model-
ling demonstrates that the succession is relatively gas-
prone throughout due to the relatively high input of 
terrigenous organic matter due to the rather proximal 
setting of the basin compared to the outboard basins 
of the main rift. 

A comparison of parallel sets of outcrop and drill-
core samples from the Rødryggen outcrop and Rødryg-
gen-1 borehole, respectively, shows that the HI of 
outcrop samples may be reduced to one third due to 
weathering. Although the underlying reason for this 
effect is not documented in full detail, it can be rea-
sonably linked to weathering of abundant, finely dis-
seminated pyrite present in the rocks, the products of 
which will attack the kerogen and deteriorate its petro-
leum-generation potential. 

In summary, the combined evidence from the drill-
ing of the Blokelv-1 borehole in Jameson Land and the 
Rødryggen-1 and Brorson Halvø-1 boreholes in Wol-
laston Forland (Fig. 16) indicates that continuous depo-
sition of mudstones with high petroleum-generation 
potential prevailed in East and North-East Greenland 
over a timespan of approximately 20 million years in the 
Upper Jurassic – Lower Cretaceous.
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