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The Longyearbyen CO, storage project drilling and coring campaign in central Spitsbergen provided new insights on the shale-dominated
Middle Jurassic to Lower Cretaceous Agardhfjellet Formation, which is the onshore counterpart to the Fuglen Formation and the prolific source
rocks of the Hekkingen Formation in the Barents Sea. Logs of magnetic susceptibility, organic carbon content, organic carbon isotopes and XRF
geochemistry on the cores, together with wireline logs, biostratigraphy and sedimentology, have made it possible to refine the interpretation of
the depositional environment and to identify transgressive-regressive (TR) sequences. Several key sequence-stratigraphic surfaces are identified
and suggested to be correlative in Central Svalbard, and four of them, although not necessarily chronostratigraphic, also to surfaces in the Barents
Sea. Due to the nearly flat-lying thrust faults in the upper décollement zone of the West Spitsbergen Fold and Thrust Belt, there is some concern
about the lateral correlation of the sequences within Spitsbergen. However, some of the TR sequence surfaces appear to be of regional importance
and are recognised both onshore Svalbard and offshore on the Barents Shelf. The observations suggest a shallow-marine shelf depositional
environment within an epicontinental sea with variable dysoxic, anoxic and oxic sea-floor conditions. The majority of the facies vary from outer
shelf to transition zone or prodelta and lower shoreface/distal delta front. In one outcrop, proximal facies, i.e., delta front or middle shoreface, are
recognised. In our study area the nearly 250 m-thick, fine-grained Agardhfjellet Formation is proposed to represent distal shoreline clinoforms and
a precursor to the overlying forward- and southward-stepping wedge of the Valanginian Rurikfjellet Formation and the Barremian to Early Aptian
Helvetiafjellet Formation.
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Agardhfjellet Formation is considered as the lateral
time-equivalent of dark shales in the North Sea and
Norwegian Sea. In particular, it is regarded as the onshore
counterpart to the Fuglen and Hekkingen formations in

Introduction

The Agardhfjellet Formation (Middle Jurassic -

earliest Cretaceous) in Spitsbergen is predominantly
a shale succession with minor siltstones, sandstones
and carbonate concretions (Dypvik, 1984b; Steel &
Worsley, 1984; Dypvik et al., 1991b; Nagy et al., 2009).
Some intervals are enriched in organic carbon and the

the Barents Sea. Currently, in the southwestern Barents
Sea, the Hekkingen Formation has been proven as the
most important source rock (Henriksen et al., 2011).
Renewed focus on the oil potential in the southwestern
Barents Sea following the Johan Castberg oil discovery

Koevoets, M.]., Hammer, @., Olaussen, S., Senger, K. & Smelror, M. 2018: Integrating subsurface and outcrop data of the Middle Jurassic to Lower

Cretaceous Agardhfjellet Formation in central Spitsbergen. Norwegian Journal of Geology 98, 1-34. https://dx.doi.org/10.17850/njg98-4-01.

© Copyright the authors.

This work is licensed under a Creative Commons Attribution 4.0 International License.


https://dx.doi.org/10.17850/njg98-4-01
https://dx.doi.org/10.17850/njg98-4-01

2 M. J. Koevoets et al.

has also increased the interest in the onshore equivalent
of the Hekkingen Formation.

Core material from shale-dominated cap rock and source
rock successions is rare in many basins worldwide (with
Western Siberia being a notable exception), and outcrops
of shale-dominated successions are commonly weathered
and poorly exposed. On Svalbard, the Agardhfjellet
Formation is fully cored in four wells drilled near
Longyearbyen, representing a unique opportunity for
an integrated characterisation of a globally significant
succession.

The primary aim of this study has been to document
high-resolution biostratigraphy, facies development
and sequence stratigraphy of the Agardhfjellet
Formation. The formation was previously thought
to be the main top seal for potential CO, storage in
the vicinity of Longyearbyen (Braathen et al., 2012).
A large pressure difference between the underlying
severely underpressured reservoir and an overlying
secondary aquifer testifies to the overall sealing capacity
of the Agardhfjellet-Rurikfjellet formations and upper
decollement zone (Fig. 1), though it is difficult to exactly
pinpoint the main sealing units with the current data. Six
wells were drilled within a 50 m radius in Adventdalen
5.5 km southeast of the local coal-fueled power plant,
and two wells were drilled near Longyearbyen airport 2
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km northwest of Longyearbyen (Braathen et al., 2012).
Four of the wells have completely cored the Agardhfjellet
Formation, and two of these are also covered by wireline
logs, which gives a unique dataset for sedimentological,
stratigraphic and geochemical studies.

Geological setting

The study area (Fig. 1) is situated near Longyearbyen in
central Spitsbergen, Svalbard. The Svalbard archipelago is
located between latitudes 74°-81° north and longitudes
10°-35° east, on the Barents Shelf. The deposits
represented in Svalbard range from the Archaean to
Quaternary in age (Harland et al., 1997; Dallmann, 1999;
Maher, 2001; Worsley, 2008; Henriksen et al., 2011) and
were uplifted during the Cenozoic (e.g., Henriksen et al.,
2011). The movement along the Hornsund Fault Zone
between East Greenland and Svalbard, as a precursor to
the opening of the North Atlantic Ocean, initiated the
formation of the West Spitsbergen Fold and Thrust Belt
(WSFTB) and the associated foreland basin, the Central
Tertiary Basin (Eldholm et al., 1987; Braathen et al., 1995;
Leever et al., 2011). This episode was dated to 61-62 Ma
by Jones et al. (2017). Marshall et al. (2015) concluded
that the base of the Paleocene in the Central Tertiary
Basin was exposed to a maximum burial temperature of
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Figure 1. Geological overview of the study area. (A) Geological map illustrating the location of the DH2 and DH5R/DH4 wells and the
outcrops at Janusfjellet, Konusdalen, Criocerasaksla and Adventdalen discussed in the text. Based on Dallmann et al. (2001), digital geological
map generously provided by the Norwegian Polar Institute (LYB = Longyearbyen). The inset map shows the location of Svalbard in the
North Atlantic. (B) Regional cross-section across the Central Spitsbergen Basin. For location, see Fig. 1A. (C) Regional stratigraphic column

highlighting the stratigraphic position of the Agardhfjellet Formation.
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120°C, with a geothermal gradient of 50°C/km. The core
material of the Agardhfjellet Formation is approximately
700 m to 1000 m below the base Tertiary unconformity.
This would result in a maximum burial temperature of
150°C to 170°C (Marshall et al., 2015). Local heating
from Early Cretaceous magmatic intrusions is a common
feature in Svalbard (Minakov et al., 2012; Brekke et
al., 2014; Senger et al., 2014) but does not seem to have
been of regional influence on the Jurassic of the study
area (Braathen et al,, 2012). Local dykes extending into
the Agardhfjellet Formation in the study area (Senger
et al,, 2013) may locally enhance maturation within the
metamorphic aureoles.

The Mesozoic succession in Svalbard is divided into
three groups, the Lower-Middle Triassic Sassendalen
Group, the Upper Triassic-Middle Jurassic Kapp Toscana
Group and the Middle Jurassic-Lower Cretaceous
Adventdalen Group. The Triassic deposition across
the Barents Sea shelf is mainly characterised by a
southeasterly sediment source (i.e., the Ural Mountains,
Fennoscandia) with progradation towards the northwest
over time, well illustrated by seismic-scale clinoforms
across large parts of the Barents Sea shelf (Riis et al.,
2008; Glerstad-Clark et al., 2010; Hoy & Lundschien,
2011; Anell et al., 2014; Klausen et al., 2015). However,
coarse-grained sediment input from the west is reported
from the Lower and Middle Triassic in western Spits-
bergen. In the Triassic period, most of the sediments
originated from a delta-related coastal- and shallow shelf
environment, and this trend continued until the Middle
Jurassic. Lower to Middle Jurassic, coarse-grained units
have so far been the most prolific petroleum reservoirs
in the southwestern Barents Sea (Henriksen et al., 2011).
Middle Jurassic to lowermost Cretaceous, deeper shelf
sediments are found in Svalbard at Hopen, Kong Karls
Land, Wilhelmoya, Serkapp and in the Isfjorden area,
while in the Early Cretaceous the shallow shelf shallowed
upward to deltaic and flood-plain deposits which were
later flooded by Aptian shelf deposits (Dypvik et al.,
1991a; Mork et al., 1999; Krajewski, 2004; Hammer et
al., 2012; Midtkandal et al., 2016; Grundvag et al., 2017).
The Middle Jurassic to Lower Cretaceous Janusfjellet
Subgroup comprises the Agardhfjellet and Rurikfjellet
formations. During the deposition of the Agardhfjellet
Formation, shelf conditions were dysoxic to anoxic with
periodical oxygenation of the bottom water (Collignon &
Hammer, 2012). The Rurikfjellet Formation consists of
several coarsening-upward units which were deposited
in a marine shelf to prodeltaic and shoreline delta-front
environment (Dypvik et al, 1991a, Grundvéag et al,
2017).

The Agardhfjellet Formation is subdivided into four
members; in ascending order the Oppdalen, Lardyfjellet,
Oppdalssata and Slottsmeya members (Wierzbowski,
1989; Nagy & Basov, 1998; Mork et al., 1999; Nagy
et al, 2009; Koevoets et al., 2016). The lowermost
Oppdalen Member (Bathonian-Oxfordian) is here

defined as including the Marhegda Bed (Backstrom
& Nagy, 1985; Krajewski, 1990; Dypvik et al., 1991b).
The Oppdalen Member is normally an overall fining-
upward unit (Dypvik et al., 1991a). The lowermost part
of the Bathonian-Oxfordian Oppdalen Member was
deposited in a shallow-marine environment grading into
the more distal, black shales of the Lower Kimmeridgian
Lardyfjellet Member, which is seen as the lower finer-
grained part of a coarsening-upward unit (Dypvik et al.,
1991a). A 50 m-thick Upper Kimmeridgian to possibly
Lower Volgian coarse-grained siliclastic wedge occurs as
the Oppdalssata Member in our study area. It is organised
as 10 — 15 m-thick coarsening-up units and is followed
by shales of the Lower Volgian - Ryazanian Slottsmeya
Member. The entire Agardhfjellet Formation is up to 250
m thick in our study area, but with considerable lateral
variation throughout Spitsbergen, both in total thickness
and in the relative thicknesses of its members. Some of
this variation is probably linked to tectonic disturbance
of the mechanically weak Agardhfjellet Formation in
the Cenozoic WSFTB (Braathen et al., 1995; Bergh et al.,
1997) which may have resulted in faulted out sections
from normal faults or repeated sections from flat-
lying ramps/thrust faults (Braathen et al., 1995).

Material and methods

The cores and wireline logs used in this study were
obtained by the UNIS CO, LAB. The drilling was
conducted as part of a project to investigate the feasibility
of storing locally produced CO, in Upper Triassic-
Middle Jurassic naturally fractured sandstones locally on
Svalbard (Ogata et al., 2012; Sand et al., 2014). Four of the
wells have complete core coverage of the Agardhfjellet
Formation (i.e., an average thickness of about 250 m).
The successions in the wells were correlated with the
classical sections of the Agardhfjellet Formation in the
Janusfjellet area, c. 10 km to the northeast of the CO,
wells (Dypvik et al., 1991a; Mork et al., 1999; Hammer et
al., 2012), as shown in Fig. 2. Depths in wells are reported
without correction for regional dip. The wells are located
close to the middle of the Central Tertiary Basin syncline
in Spitsbergen, and the dip is therefore negligible.

Geophysical logging of the boreholes (Braathen et al,
2012), including natural gamma-ray intensity, formation
resistivity and seismic velocity, used slim-hole tools
provided by the Geological Survey of Norway (NGU)
and Store Norske Spitsbergen Kulkompani (SNSK).

High-resolution sampling for laboratory measurement of
magnetic susceptibility is not desirable on valuable core
material. Magnetic susceptibility was therefore measured
with a Terraplus KT-10 hand-held susceptibility meter
at 10 cm intervals from 735 to 510 m in the DH2 core
and from 670 m to 435 m in the DH5R core (the interval
from 645 m to 651 m was not recovered). The readings
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Figure 2. Lithostratigraphic correlation of well and outcrop sections of the Agardhfjellet Formation, Spitsbergen, Svalbard (modified from
Koevoets et al., 2016).
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5mm

Figure 3. Typical fossils from the DH2 well. (A) Buchia cf. concentrica, 663.87 m, Lardyfjellet Member, Lower Kimmeridgian (PMO 228.854).
(B) Grammatodon sp., 554.44 m, Slottsmoya Member, Middle Volgian (PMO 228.792). (C) Hartwellia sp., 601.45 m, Oppdalssita Member
(PMO 228.836). (D) Leptolepis cf. nathorsti, right dentary of fish, 536.45 m, Slottsmoya Member, Middle Volgian (PMO 228.781). (E) Leptolepis
¢f. nathorsti, right maxilla, 677.96 m, Lardyfjellet Member, Lower Kimmeridgian (PMO 228.870). (F) Gastropod, 581.81 m, Slottsmoya
Member, Lower Volgian (PMO 228.824). (G) Cardioceras sp., 705.9 m, Oppdalen Member, Oxfordian (PMO 228.883, Koevoets et al., 2016).
(H) Amoebites subkitchini, 693 m, Lardyfjellet Member, Lower Kimmeridgian (PMO 228.875, Koevoets et al., 2016). (I) Zenostephanus sp.,
645.88 m, Oppdalssita Member, uppermost Lower Kimmeridgian (PMO 228.847). (J) Chetaites sibiricus, 507.95 m, Slottsmoya Member, Lower
Ryazanian (PMO 228.753). (K) Craspedites (Taimyroceras) taimyrensis, 511.34 m, Upper Volgian (PMO 228.760).

were corrected for core geometry, the even surface of the  instrument with an aperture of 8 mm. Integration time
core allowing consistent measurements. was 90 s in the ‘Testall Geo mode, and measurements

were taken at 1 m intervals. After every c. 10
Hand-held X-ray fluorescence spectroscopy (HHXRF)  measurements, a calibration measurement was taken on
used a Thermo Scientific Niton XL3t GOLDD+  a pressed powder pellet of the USGS Columbia River
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Basalt BCR-2 standard, diluted to four parts powder
and one part binder. No drift in the measurement of
elemental concentrations in the standard was observed.
The variance was relatively small, and measurements
generally within 10% of the certified standard value
(usually much closer). We therefore present uncalibrated
curves, which are considered as semiquantitative.

Complete and fragmented macrofossils were noted and
counted whenever they occurred on core split surfaces,
the density of which was highly variable depending on
lithology. A selection of representative fossils is shown
in Fig. 3. The main groups noted are ammonites, bivalves
and onychites (cephalopod hooks). The presence of other
macrofossils such as gastropods, worm tubes, belemnites,
wood and fish remains was also marked. A total of 34
samples from borehole DH5R produced foraminifera
after standard micropalaeontological processing. A
full taxonomic characterisation of the samples was not
attempted, but the identified taxa were found at levels in
general correspondence with the zonal scheme of Nagy
& Basov (1998). Palynomorphs were recovered from 15
samples in borehole DH2.

Lithostratigraphy

The lithostratigraphic subdivision of the members, with
the exception of including the Marhegda Bed into the
Oppdalen Member, follows Mork et al. (1999). The subdi-
vision, in addition to lithology, grain size and sedimentary
structures, is based on magnetic susceptibility and wireline
logs (Fig.4). Magnetic susceptibility is generally high in the
lower parts of the Lardyfjellet Member, lower in the upper
parts of the Lardyfjellet Member and the sandy Opp-
dalssata Member, and increasing again in the Slottsmeya
Member. Very high susceptibility readings occur at sider-
itic horizons in the lower (695-730 m in DH2) and upper
(520-470 m) parts of the core. Glauconitic horizons at 630
m and 479 m in borehole DH2 also give rise to suscepti-
bility peaks. The other silty and sandy beds generally have
low susceptibilities. The transition to the Rurikfjellet For-
mation in borehole DH2 is characterised by the onset of
closely spaced susceptibility peaks due to sideritic nodules.

Gamma radiation reaches maximum values in the dark
shales of the Lardyfjellet Member, but is high also in fine-
grained intervals of the Slottsmeya Member. P-velocity is
generally in opposite phase to gamma radiation, with high-
est velocities in the well cemented sandstones and siltstones
of the Oppdalssata Member and Slottsmeya Member.

The base of the Agardhfjellet Formation was set at 732
m in borehole DH2 and 671 m in borehole DH5R,
at the boundary with the underlying, coarse-grained
Wilhelmgya Subgroup (Rismyhr et al, in press). The
boundary between the Oppdalen Member and the
Lardyfjellet Member is transitional, but was set at c. 630

m in DH5R and 690 m in DH2, near the last siderite
bed of the Oppdalen Member and at a reduction in
magnetic susceptibility and P-velocity together with
an increase in gamma radiation. A coarsening-upwards
trend in the Lardyfjellet Member is terminated by the
onset of massive sandstones at c. 582 m in borehole
DH5R and 643 m in borehole DH2, marking the base
of the Oppdalssata Member. The base of the Slottsmoya
Member is also transitional, as thin, silty to sandy beds
continue into the lower part of the member.

In borehole DH5R, the succession as observed in
borehole DH2 is interrupted by an approximately 20
m-thick diamictite, with the base at around 465 m.
In place of the expected upper Slottsmeya Member,
in borehole DH5R this interval is characterised by a
matrix of claystone with abundant matrix-supported,
poorly sorted, subangular to rounded mud clasts and
quartz grains. The magnetic susceptibility log is quiet
compared to the corresponding interval in borehole
DH?2, indicating homogenisation of sediment. We
interpret this interval as a debris flow, possibly of Late
Volgian age. Dinoflagellate cysts above the Slottsmoya
Member at 380 m in DH5R indicate a Late Valanginian-
Early Hauterivian age (Grundvag et al, 2017), while
an ammonite at 441.8 m is referred to Laugeites ex gr.
lambecki or Praechetaites sp., uppermost Middle Volgian
Laugeites groenlandicus Zone or Praechetaites exoticus
Zone (M. Rogov, pers. comm., 2014).

The top of the Agardhfjellet Formation was set at 479 m
in borehole DH2, at the base of a glauconitic bed which
is interpreted as the Myklegardfjellet Bed (Dypvik et
al., 1992). The top of the formation was identified at
407 m in borehole DH5R (Mads Engholm Jelby, pers.
comm., 2016), about 20 m higher than expected from
the succession in borehole DH2, possibly because of the
thick diamictic interval (Figs. 2 & 17). The base of the
Myklegardfjellet Bed (Birkenmajer, 1980) corresponds to
the base of the Lower Cretaceous Rurikfjellet Formation
(Mork et al., 1999). In outcrop it is a 0.5-10 m-thick bed
of weathered, plastic clays with dispersed glauconitic
grains, interpreted by Dypvik et al. (1992) as alteration
products of glauconite. We therefore interpret the 30
cm-thick bed of unaltered glauconitic sandstone at 479
m in borehole DH2 as the Myklegardfjellet Bed, fully
confirming that the outcrop expression of this bed is due
to a glauconitic horizon.

Chemostratigraphy

Wireline-log characterisation of TOC

The ‘A log R’ technique of Passey et al. (1990) was
employed to calculate relative organic richness based
on a scaled overlay of the sonic and resistivity logs in
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Figure 4. Correlation of wireline data with core-derived TOC values (black circles) following Passey et al. (1990). The A log R curve is defined
by the separation of scaled resistivity and transit time curves, and provides a qualitative estimate of the TOC. The comparison with the TOC
analysed in drillcores by Koevoets et al. (2016) shows remarkable correlation, particularly in the high-TOC interval in the Lardyfjellet Member.
For a recent review of the global Jurassic-Cretaceous boundary and its position relative to the Boreal Volgian-Ryazanian boundary, see Shurygin
& Dzyuba (2015). Depths are shown for borehole DH5R. Borehole DH4 is very close to DH5R and can be correlated directly, with possible
exception for the diamictic interval in borehole DH5R.
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borehole DH4 (Fig. 4). The two curves were adjusted to
follow each other in the baseline interval from 670 m to
750 m, and the separation was calculated according to:

AlogR=log (R/R

baseline

) +0.02 x (At — At )

baseline

where A log R is the curve separation in logarithmic
resistivity cycles, R is the measured resistivity (in Qm), At

In intervals with no organic content or hydrocarbons
present, both curves will be primarily governed
by porosity and thus follow the compaction trend.
This is well illustrated in both the upper part of the
Agardhfjellet Formation from c. 450-590 m depth and
in the underlying reservoir of the Wilhelmeya Subgroup
and De Geerdalen Formation from c. 670 m depth. The
significant curve separation from 592 to 634 m depth

is the measured transit time (in psec/ft) and R, and  implies the presence of a resistive formation fluid and
At .. represent the resistivity and transit time where  low-density, low-velocity kerogen. This depth interval
the curves are baselined (Passey et al., 1990). In this case ~ correlates precisely with the TOC derived from Rock-
R, e = 20 OQmand At, =65 psec/ft. Eval evaluation of the drillcores (Figs. 4 & 5).
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Stable organic carbon isotopes

Koevoets et al. (2016) presented a high-resolution,
composite, organic carbon isotope curve of the
Agardhfjellet Formation in the boreholes DH2 and
DHS5R, with a discussion of its correlation potential.
The §"C values show a decreasing trend starting from
the Callovian/Oxfordian at -24.05%o to -32.05%o in the
Middle Volgian (Koevoets et al., 2016). Fig. 5 displays the
continuous appearance of the organic carbon isotope
curve, indicating that the Agardhfjellet Formation in
the wells is without hiatuses or repetitions. However,
an apparent discontinuity in the TOC values at around
645 m in borehole DH5R (corresponding to 705 m in
borehole DH2) may be due to a possible Middle to Upper
Oxfordian hiatus in central Spitsbergen, discussed below.

The increase of 6”C = from the Callovian to the
Oxfordian peak (Koevoets et al., 2016) is also recorded
on the Isle of Skye, Scotland (Nunn et al., 2009) and in
the 6°C_, in the Atlantic Ocean (Katz et al., 2005) and
New Zealand (Podlaha et al., 1998). At the end of the
Oxfordian, 613(30r decreases and remains stable until
the Upper Kimmeridgian, after which it continues
to decrease towards the minimum value of §"C =
-32.05%o in the Middle Volgian (Koevoets et al., 2016)
This Middle Volgian carbon isotope minimum, named
VOICE by Hammer et al. (2012), has also been recorded
in Scotland (Nunn et al.,, 2009), Siberia (Zakharov et
al., 2014), New Zealand (Podlaha et al., 1998) and the
Middle Volga area (Price & Rogov, 2009). The Oxfordian
and Volgian carbon isotope excursions thus appear to be
useful tools for stratigraphic correlation.

XRF geochemistry

The concentration of some trace elements in shale is
influenced by the redox-environment of the water, grain
size and other parameters, allowing the concentration or
ratio of some elements to be used as palaeoenvironmental
proxies (Dypvik, 1984a; Hatch & Leventhal, 1992; Arthur
& Sageman, 1994; Jones & Manning, 1994; Powell et
al., 2003; Tribovillard et al., 2006; Kylander et al., 2011;
Wang et al., 2016). The Zr/Rb ratio, for instance, can be
used as a proxy for grain size, as Zr is more prevalent
in larger, lithic grains whereas Rb preferably binds to
clay particles (Dypvik & Harris, 2001). The Zr/Rb ratio
curve follows the lithological observations very well
(Fig. 6), and is also comparable with the Zr/Rb curve
given by Dypvik & Harris (2001) from the Agardhfjellet
Formation at Oppdalssata. This similarity between the
XRF measurements and the stratigraphic log provides a
check on the accuracy of the hand-held XRE.

Well known element ratios for bottom-water oxygenation
are U/Thand V/(V + Ni) (Hatch & Leventhal, 1992; Arthur
& Sageman, 1994; Jones & Manning, 1994; Tribovillard
et al., 2006). The concentration of U* (insoluble) would

be enriched over U* under oxidising conditions (Jones
& Manning, 1994). In the same circumstances Th
concentrations remain unaffected, allowing for the U/
Th ratio to be used as a proxy for oxygenation. Standard
values for both these ratios indicating anoxic, dysoxic
and oxic environments have all been established (Hatch
& Leventhal, 1992; Arthur & Sageman, 1994; Jones &
Manning, 1994; Tribovillard et al., 2006).

The V/(V + Ni) ratios indicate that the Oppdalen Member,
the Lardyfjellet Member, a small section of the Oppdalssata
Member and the upper part of the Slottsmgya Member
were deposited in highly anoxic environments (Fig. 7).
However, the U/Th ratios indicate the majority to have
been deposited in a dysoxic environment. Cross-plotting
these ratios puts most of the Agardhfjellet Formation
samples within a dysoxic/anoxic depositional environment
(Fig. 7). Also, the XRF sulphur curve (Fig. 6) correlates with
some of the inferred low-oxygen intervals, with high values
(>10 ppt) through the uppermost Oppdalen Member and
the whole of the Lardyfjellet Member (maximum of 38 ppt
S at 670 m in borehole DH2).

Biostratigraphy

Ammonites

A number of ammonites were identified in the boreholes
DH2 and DH5R (Koevoets et al., 2016), being most
abundant in the upper half of the Lardyfjellet Member
(Fig. 8). In borehole DH2 an unidentified cardioceratid
occurs at 717.7 m. Kepplerites (Seymourites) svalbardensis
with characteristic triplicate secondary ribs was found at
663.8 m in borehole DH5R (Fig. 8). Kopik & Wierzbowski
(1988) found the same species at 4.45 m above the base
of the Agardhfjellet Formation at Wimanfjellet (close to
Criocerasaksla; Fig. 1) and placed this fauna in the British
Discus Zone, latest Bathonian (Boreal Calyx Zone).

Koevoets et al. (2016) reported Cardioceras sp. (earliest
Oxfordian) at 7059 m in borehole DH2. An Early
Kimmeridgian ammonite, Amoebites subkitchini, was
identified at 693 m. This occurrence correlates with the
lower part of the Rasenia cymodoce Zone (Wierzbowski,
1989). In both boreholes DH2 (660 m to 680 m) and
DH5R (609 m to 614 m) an increase in abundance of
ammonites is noted in the upper part of the Lardyfjellet
Member (Fig. 8). This interval is mainly represented by
Amoebites sp. of the kitchini Zone. Wierzbowski (1989)
reported this species from 37.5 m to 48.5 m above the
base of the Agardhfjellet Formation at Wimanfjellet,
most abundantly in the upper part. In borehole DH2, the
interval from 680 m to 667 m contains ammonites with
biplicate ribbing, similar to the Amoeboceras pingueforme
illustrated by Wierzbowski (1989) and triplicate ribbing,
similar to the Rasenia cymodoce of Wierzbowski (1989),
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i.e,, further up in the Rasenia cymodoce Zone, Early
Kimmeridgian (Wierzbowski, 1989; Rogov, 2014). At
645.9 m in borehole DH2, Zenostephanus sp. (Mikhail
Rogov, pers. comm., 2017) indicates the very top of the
Early Kimmeridgian (Rogov, 2014).

A finely ribbed Hoplocardioceras elegans was found at
566.0 m in borehole DH5R, 105 m above the formation
base. Wierzbowski (1989) reported this ammonite from

78-80 m above the base at Wimanfjellet. Wierzbowski
also mentions glauconitic sandstone 2-3 m below this
level, fitting perfectly with prominent green sandstone in
the core. The ammonite can be correlated with the upper
part of the Late Kimmeridgian Aulacostephanus eudoxus
Zone of northwest Europe.

Dorsoplanites sp. occurs at 505.6 and 471.9 m in borehole
DH5R (Fig. 8). This genus is characteristic of the Middle
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Figure 8. Dinoflagellate and ammonite occurrences in the Agardhfjellet Formation in borehole DH2.
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Volgian in Spitsbergen (Nagy & Basov, 1998; Rogov,
2010).

At 511 m in borehole DH2, Craspedites (Taimyroceras)
taimyrensis of the Taimyrensis Zone (Rogov, 2010) was
found (M. Rogov, pers. comm., 2017). This genus is
characteristic for the Upper Volgian of the Arctic. At 507
m in borehole DH2 an ammonite probably belonging to
Chetaites sibiricus, lowermost Ryazanian, has also been
observed (M. Rogov, pers. comm., 2017).

Dinoflagellate cysts

The abundance of palynomorphs through the Agardh-
fjellet Formation in central Spitsbergen varies
considerably and the preservation is generally rather
poor (Bjeerke, 1980; Arhus, 1988; Dalseg et al., 2016a).
Best recoveries of marine palynomorphs are in the
Oppdalen Member and Slottsmeya Member, while the
four samples included from the Lardyfjellet Member are
barren (Fig. 8).

The presence of the dinoflagellate cysts Chytroei-
sphaeridia hyalina and Sirmiodinium grossii at 730.20
m suggest a correlation to the Late Bathonian - earliest
Callovian Sirmiodinium grossii concurrent range zone in
the Barents Sea Region as defined by Smelror & Below
(1992). According to Riding & Thomas (1992), S. gros-
sii first appear in the Discus ammonite zone in the Brit-
ish Jurassic, and the ammonite fauna recovered at 717.7
m in borehole DH2 supports a correlation to this zone.
In East Greenland, the oldest appearance of S. grossii
correlates to the Late Bathonian Calyx ammonite zone
(Smelror, 1988a). An age not younger than Bathonian for
the lower Oppdalen Member is supported by the recov-
ery of Valvaeodinium spinosum at 730.20 m, as this spe-
cies is reported to have its last appearance datum in the
Late Bathonian of Subboreal Northwest Europe (Poulsen
& Riding, 2003).

A dinoflagellate cyst assemblage with Energlynia acollaris,
Evansia evittii, Fromea tornatilis, Gonyaulacysta jurassica
and Mendicodinium groenlandicum was recovered at
724.50 m. This correlates to comparable assemblages
recovered in the Bathonian and lowermost Callovian on
Kong Karls Land, eastern Svalbard (Smelror, 1988b).

No age-diagnostic marine palynomorphs were found in
the samples from the upper Oppdalen Member (700.20
m), in the Lardyfjellet Member (samples from 689.95
m to 650.47 m) or in the lower-middle Oppdalssata
Member (638.48 m and 632.47 m). The recovery of
Atopodinium haromense, Cribroperidinium spp. and
Rhyncodiniopsis cladophora at 616.50 m may suggest a
rough correlation to the Kimmeridgian Rhynchodiniopsis
cladophora (Rc) dinoflagellate cyst zone as defined in
West Siberia by Ilyina et al. (2005), although these taxa
are also known from older Upper Jurassic strata.

The dinoflagellate cyst assemblages found in the
Slottsmeya Member support a Volgian age for the upper
part of the Agardhfjellet Formation. Characteristic
species are Cribroperidinium spp., Paragonyaulacysta spp.
(FAD at 586.50 m), together with common to abundant
Sirmiodinium grossii and Valensiella ovulum. Arhus (1988)
reported an acme of Valensiella ovulum at 170 m above the
base of the Agardhfjellet Formation at Janusfjellet. This
corresponds with beds containing Isocyprina inconspicua
and Isocrinus sp. and about 1.5 m below the lowermost/
oldest records of Dorsoplanites sp.. A comparable acme is
recorded at 540.49 m in DH2, suggesting a latest Early or
Middle Volgian age at this level.

Dalseg et al. (2016b) defined two informal dinoflagellate
cyst zones 1 and 2 in the Slottsmeya Member at
Janusfjellet and Knorringfjellet in central Spitsbergen.
In borehole DH2, the boundary between the zones is
recognised at 552.57 m by the last abundant occurrence
of Paragonyaulacysta spp. and the first common
occurrence of Tubotuberella apatela.

The youngest occurrences of Leptodinium subtile
at 540.49 m and Senomiasphaera jurassica at 508.32
m suggest a Middle Volgian age at this level, i.e,
dinoflagellate cyst zones DSJ35-37 of Poulsen & Riding
(2003). However, these species may also have been
reworked, as also reworked Kimmeridgian dinoflagellate
cyst species (i.e., Subtilisphaera? paeminosa, S. inaffecta)
are found in the upper part of the Slottsmeya Member.

The presence of Leptodinium cf. hyalodermopse at
483.50 m and 479.50 m in borehole DH2 could also be
of stratigraphic significance. Arhus (1988) recorded
the earliest appearance of this species, together with
Cribroperidinium ehrenbergii, Paragonyaulacysta spp.
and Gonyaulacysta helicoidea, in the Ryazanian of the
Janusfjellet section. The presence of Cribroperidinium
ehrenbergii, C. sarjeanti and Paragonyaulacysta spp. at
479.50 m may, however, favour a somewhat older age, as
these species are typically more common in the Volgian
than in the Ryazanian.

Renewed analysis by Aptec from borehole DHS5R
confirms that there are very few or no age-diagnostic
dinoflagellate cysts in the Lardyfjellet Member and
Oppdalssata Member. Of interest is the total dominance
of the freshwater alga Botryococcus in samples 624.65
m (Lardyfjellet Member) and 420.5 m (Oppdalssata
Member).

Other invertebrate fauna

Hydrocarbon seep deposits of the uppermost
Agardhfjellet Formation have revealed over 17 species
of bivalves and a number of other invertebrates
(Hryniewicz et al, 2014). The invertebrate remains
recovered from the shales and siltstones in the outcrop
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are fragmented due to frost wedging, and macrofossils
can be difficult to recover. Birkenmajer et al. (1982)
recorded identifiable macrofossils from only eight
horizons. The core material proved to contain a more
continuous record of the invertebrate fauna. Borehole
DHS5R contains abundant and well preserved moulds
of invertebrates. A more detailed study of the DH2 core
revealed that the Agardhfjellet Formation contains a far
more abundant bivalve fauna than previously assumed.
Where the Oppdalen, Lardyfjellet and Oppdalssata
members have a sparse distribution of bivalves, the
Slottsmegya Member contains a greater amount than the
previous three members combined.

No identification of bivalves was conducted. However,
at 500 m in borehole DH2 there is a sudden decline in
bivalve abundance. This point coincides with strong
increase in onychite (Hammer et al., 2013) abundance. At
485 m in borehole DH2 the onychites disappear for a few
metres and lingulid brachiopods dominate. The lingulids
show strong resemblance to the Lingularia from the
lowermost Cretaceous hydrocarbon seeps on Spitsbergen
(Holmer & Nakrem, 2012) and also described from the
Volgian of Western Siberia (Smirnova et al., 2015). The
occurrence of the brachiopods in borehole DH2 is close
to the seep interval (Hammer et al., 2011) and further
examination will determine if they belong to the same
species. These changes are sudden and can indicate an
abrupt change in depositional environment.

Marine reptiles

The Slottsmgya Member is well known for the
presence of ichthyosaur and plesiosaur remains and
their  exceptional three-dimensional preservation
(Druckenmiller et al., 2012; Hurum et al., 2012; Knutsen
et al., 2012; Delsett et al., 2016, 2017). The abundance of
the marine reptiles is highest in the Middle Volgian and
coincides with a strong increase in abundance of bivalves
(Delsett et al., 2016).

Facies and facies associations

Based on lithology, sedimentary and biogenic structures,
fossils and chemical analysis, the succession has been
subdivided into eight facies, F1-8, as summarised in
Table 1.

These facies are grouped into four facies associations, FA
1 to FA 4 (Table 2). Detailed sedimentological logs from
fully cored successions and wireline logs supported by
outcrop photos illustrate the different facies and facies
associations (Figs. 9-15). While all facies associations
are recognised in both outcrop and wells, some of the
individual facies are only recognised in wells and not
in outcrops, and vice versa. The local occurrence of F8

(authigenic carbonate in hydrocarbon paleoseeps) in the
Janusfjellet section (Hammer et al., 2011), for example, is
not recognised in the wells. The diamictite, F5, seen in the
Slottsmeya Member in borehole DH5R, is not observed
in outcrops. This might be a more common facies in
the Agardhfjellet Formation in central Spitsbergen, but
probably missed here due to weathered outcrops.

FA 1: Outer-shelf mud deposits

Description: FA 1 is the dominant facies association in
the Agardhfjellet Formation and consists of facies F1
comprising black, millimetre-laminated, organic-rich
shales i.e., ‘paper shales’ (Fig. 9), and F2, laminated, dark
grey to black, silty shale with up to 40% silt. Abundant
beds or laminae rich in bivalves or fish remains are
observed in some places in F2. Pyrite is common
together with ankerite/dolomite and siderite concretions
(F7) that are often stratiform. Thin laminae (Fig. 9A) of
very fine-grained sandstone or siltstone are intersecting
both F1 and F2. FA 1 varies from a few metres to tens
of metres thick tabular successions. In the Lardyfjellet
Member it forms a part of a fining-upward (FU) unit
from FA 3 and transitions into the basal part of an
overlying coarsening-upward (CU) unit of the transition
zone/pro delta facies association, FA 3 (Fig. 12). A sharp
boundary is commonly observed between F1 and F2. The
offshore marine, condensed facies association, FA 2, is in
places embedded in FA 1. Collignon & Hammer (2012)
described the dark-grey silty shale, F2, to be blocky and
prismatic with occurrences of thin silt- to sandstone beds
and carbonate concretions. Geochemical analyses of F1
in the transition zone between the Oppdalen Member
and the Lardyfjellet Member have shown TOC values
up to nearly 12.8% (Koevoets et al., 2016). XRF results
show low Zr/Rb ratios (typically around 4) in FA 1 but
higher values in FA 2 (Fig. 6). V/(V + Ni) ratios are high,
typically above 0.7, while the S content is variable but
generally highest in the FA 1 of the Lardyfjellet Member
and the upper part of the Slottsmoya Member (Fig. 6).

Bioturbation is scarce in F1 and F2 and has a BI index
of 0-3 with common, small Palaeophycus and thin
tubes of Skolithos and Aulichnites burrows. Ammonites,
belemnites, bivalves, gastropods, fish, crinoids, ophiurids,
asteroids (Rousseau & Nakrem, 2012), abundant
polychaete tubes, onychites (Hammer et al, 2013),
brachiopods and marine reptiles are the observed
macrofossils in this facies association. At some levels, the
abundance of bivalves and fish skull remains can justify
the terminology bivalve and fish shales, respectively.
Nagy et al. (1990) reported laminae/beds of foraminifer
sandstone’ in the upper part of the Oppdalssata Member
and Slottsmeya Member in central Spitsbergen. Within
this facies association, fossiliferous methane seep
carbonates F8 occur in nearby outcrops at Janusfjellet
(Hammer et al., 2011). In contrast to carbonates or
carbonate-cemented sandstone/siltstone, it consists of
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Table 1. Facies occurring in the Agardhfjellet Formation .

Ichnology
Facies Description BI = Bioturbation Interpretation
Index
F1. Paper Black, in places weathering bluish organic-rich paper BI=0-1. High organic productivity in a stratified saline water
shales shale with mm-thick laminae of siltstone and shale. Low diversity, mass. Deposited below storm wave base, distal from
Common ammonite and belemnite fossils, bivalves and ~ monospecific sediment input and probably mostly clay fallout from
gastropods are present. A few trace fossils were found. ichnofossil hypopycnal flow. Anoxic to dysoxic bottom water.

F2. Dark grey
silty shales

F3. Heteroliths

F4. Sandstones

F5. Diamictite

F6. Glaucony
to glauconitic
sandstone/
shale

F7. Carbonates

F8. Authigenic
carbonate in
hydrocarbon
palaeoseeps.

Pyrite and pyritisation of fossils are present in some
layers.

Laminated dark-grey to grey shale with a high silt com-
ponent (~20 - 40 %). Common pyritisation. Diverse
invertebrate and vertebrate fossils are present in vary-
ing abundances.

Dark-grey, faintly bedded, very fine-grained sandstones.

Commonly completely burrowed. In places intersected
by hummocky cross-stratified sandstone beds. Rare
laminated and rippled sandstone.

Light- to dark-grey coloured, very fine- to fine-grained
sandstones. Thickness varies from 0.1 to 3 m. Varies
from burrowed to homogenous sandstone beds.

Main sedimentary structures are hummocky cross-
stratification, wave and current ripples, lamination

and rare dunes. Commonly carbonate cemented.
Gastropods are common in some layers. Scattered
glauconitic grains.

Matrix-supported mudstone conglomerate or
diamictite. Sub-angular to rounded sandstone clasts.
Mudstone rip-up clasts occur together with laminated
convolute bedding. A single bivalve and a single crinoid
stem section embedded in the diamictite.

Fine- to medium-grained sandstone up to 0.5 m and
thick siltstone/shale. Weathers reddish while some
beds weather into a green unconsolidated clay, i.e.,
Myklegardfjellet and Marhegda Bed.

From clean to sandy or muddy siderite or dolomite/
ankerite, rare calcite. Beds or concretions, commonly
with glauconite grains and rare chamosite ooids.
Concretions are mostly stratiform. Bedded units may
reach up to 1 m in thickness. Bivalves and gastropods,
with a few ammonites and belemnites occur on top sur-
faces in some of these beds. Packed bed with ammo-
nites, bivalves, belemnites and scattered vertebrate
bones, wood fragments and crinoids (e.g. the informal
Dorsoplanites bed) is classified as coquina. Phosphate
grains.

Very large (>1m) rubbly concretions. Complex
microfacies reflect several generations of precipitation
and brecciation with abundant bioclasts and macro-
fossils. Botryoidal, zoned calcite growth textures and
primary voids filled with late diagenetic sparite. The
calcite cement has light carbon isotopic composition.
Abundant, well-preserved bivalves, brachiopods,
ammonites, belemnites, gastropods, foraminifera, tube-
worms and wood fragments. Hydrocarbon stained.
For detailed description see Hammer et al. (2011) and
Hryniewicz et al. (2012).

assemblage. Small
Palaeophycus are
most common.

BI =0-3.
Varying low- to
high-diversity
ichnofossil
assemblages.
Palaeophycus,
thin Skolithos,
Chondrites and
Aulichnites.

BI =3-5.
Palaeophycus,
small Chonderites.

Bl =3-4.
Skolithos,
Thalassinoides,
Teichichnus,
Palaeophycus,
small Chondrites,
Arenocolites,
Planolites and
Rhizocorallium.

BI=0-1.
Chondrites,
Planolites and
Nereites.

BI=1-5.
Trichichnus.

BI=2-4.
Chondrites.

Small, hard
ground boring

Deposited below storm wave base, more proximal to
sediment input than F1, i.e., higher sedimentation rate.
Mostly deposited from mixture of hypopycnal and
hyperpycnal flow. Oxic to dysoxic bottom water.

Deposited near storm wave base, mostly from hyper-
pycnal flow.

Deposited by oscillation and traction flow between
fair weather and storm wave base. Oxygenated bot-
tom waters.

Non-Newtonian flow - cohesive debris flow.
Deposited in a slope environment below storm wave
base.

Formed near the sediment water surface over long
periods of time. Typically develops in areas of low
sediment input. Commonly transgressive and in outer
marine shelf, distal to deltaic or fluvial input.

The beds are deposited with no or very slow
allochthonous sedimentation, i.e., condensed. Near
storm wave base. Coquinas suggest storm beds but
well-preserved fossils indicate a more distal setting.
High productivity of benthic and nektonic fossils.
Dolomite; originally open marine, oxic sea floor and
water column. Siderite might reflect mixed sea bottom
conditions.

Authigenic formation of carbonates in a hydrocarbon
palaeoseep environment.
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Table 2. Facies associations of the Agardhfjellet Formation.

Fac.1e§ Facies geometries and thickness Interpretation
association
FA 1 Up to 60 to 70 m-thick tabular successions. Consists of F1,F2 and ~ Outer shelf with variable high to low organic mud deposits.
rare F8. Variable oxic, dysoxic and anoxic sea-floor conditions. Represent
toe sets of clinoforms.
FA 2 Facies F6, F7. Up to 1 m-thick beds. Inner to outer shelf marine condensed deposits. Either toe sets or
foresets of clinoforms.
FA 3 Up to 20 m-thick tabular successions and consist of F3, F4 and F5.  Transition zone/prodelta. slope set of clinoforms
Part of CU or FU units
FA 4 Facies F3, F4. Up to 10 m-thick tabular sandstone bodies. Lower middle shoreface or delta front. Foreset rollover position

Commonly seen in upper part of CU units. Also observed as
lateral pinching out to shale.

of clinoforms.

Figure 9. (A) Microscope image of thin-section at level 666 m in DH2, showing thin laminated shale, F1. (B) Multiple invertebrate specimens in
the Slottsmoya Member at 508.80 m. (C) Cross-section of well DH2 at 509.60 m with visible shallow burrows. (D) CT-scan image of bivalves at
671.51 m; the pyritisation of these specimens allows for some details of shell structure to be recognised. Core diameter is 5 cm.
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calcite and has a very rich fauna with well-preserved
fossils. In Agardhbukta, East Spitsbergen, in the same
stratigraphic level, five multi-storey similar carbonate
bodies are also embedded in FA 1 (Abay et al, 2017).
The gamma log shows cylinder (block) and serrated
to smooth traces. High-velocity log spikes represent
carbonate beds or concretions from FA 2. Sideritic
beds or concretions give high spikes in the magnetic
susceptibility log.

Interpretation: Hvoslef et al. (1986), Koevoets et al.
(2016) and Abay et al. (2017) showed that the paper
shale in the Agardhfjellet Formation (F1) has a high HI
index (236 mg HC/g organic C) and TOC values of up
to 12.8%. This, together with the absent or sparse trace
fossils and benthic invertebrate fossils, suggests anoxic
sea-floor conditions. The more burrowed shales of F2
with invertebrate fossils and lower TOC values up to
4% suggest dysoxic conditions. This interpretation is
supported by V/(V + Ni) ratios. As discussed below, the
presence of siderite rather than calcite cannot be used
to infer sea-floor oxygenation directly, as these siderite
concretions most likely formed at great burial depths in
the Agardhfjellet Formation (Krajewski, 2004). A lack of
wave structures in the sporadic, thin, very fine-grained
sandstone laminae indicates deposition below the storm
wave base on a mud-dominated shelf. The shale has either
settled from suspension under low energy conditions or
alternatively by higher energy, dense suspension flows
(e.g., Macquaker et al., 2010). In a study of the similar
organic-rich Kimmeridge Clay Formation in the UK,
Macquaker & Gawthorpe (1993) showed that the black,
silt-rich shale (like F2) was deposited at a proximal
shallow shelf position near the storm wave base under a
high sedimentation rate. The dominance of kerogen type
IIT in F2 is consistent with this interpretation. The black,
organic-rich, laminated shale (similar in description to
our F1) was deposited in a more distal location, still close
to the sediment source. Macquaker & Gawthorpe (1993)
interpreted the deposition as representing an outer shelf
environment and with a stratified water column with
high organic productivity in the uppermost layers, partly
controlled by an incoming freshwater discharge. Based
on the foraminiferal assemblages, Nagy et al. (2009)
concluded that ‘salinity’-induced stratification of the
water mass was an important factor during deposition
of the muds in the Agardhfjellet Formation. Some of the
black paper shale, F1, in the upper part of the Slottsmoya
Member is devoid of bivalves but contains many
onychites and teleost remains, consistent with a stratified
water column, i.e., an oxygenated water layer overlying
anoxic bottom waters. Also, the common occurrence of
the fresh/brackish water alga Botryococcus together with
ammonites and belemnites points to a stratified water
column.

The highest TOC values as seen in the lower part of the
Lardyfjellet Member which constitutes the lower part of
the large-scale coarsening-upward trend from prodelta

(FA 3) to distal delta front (FA 4), suggest the possibility
of an influx of freshwater plumes with nutrients and
perhaps blooming of algae. The fauna in the carbonate
methane seeps suggest deposition below storm wave base
and probably at around 100 m water depth (Hryniewicz
et al.,, 2015). Although subtle, FA 1 in the Slottsmoya
Member is often overlain by a coarsening-upward unit
(Dypvik & Zakharov, 2012; Hammer et al., 2012). Here,
the CU units shallow upward to the transition zone or
prodelta facies association, FA 3. The thin laminae (Fig.
9) of siltstone and very fine-grained sandstone seen in
FA 1 might represent either distal storm beds or deposits
from hyperpycnal flows resulting from nearby fluvial
input. Occurrence of fossiliferous laminae in FA 1 may
also either represent distal storm beds or a temporary
change in oxic, dysoxic and anoxic conditions. Some
foraminifers identified by F. Gradstein in Hammer et al.
(2012) suggest an inner shelf to offshore transition zone
also in the Slottsmeya Member. The fish and bivalve
shales and ‘foraminifer sandstone’ are suggested to
represent sorting by winnowing of clay/silt by sea bottom
currents. Sharp-based, hummocky cross-stratified
beds (Fig. 14) resting on the black paper shale of FA 1
suggest storm deposits, i.e., tempestites, in an offshore or
transition zone.

We conclude that FA 1 was deposited in a shallow outer-
shelf environment probably close to the storm wave
base and under variable oxic, dysoxic and anoxic sea-
floor conditions. We favour the conceptual model by
Macquaker & Gawthorpe (1993) that the black organic-
rich shales of F1 represent a low sedimentation rate
with high organic production in a salinity-stratified
water column with anoxic to dysoxic sea floor in a shelf
environment. F2 represents higher sedimentation rates in
a more proximal position, with more burrows suggesting
oxic or at least periodic anoxic-oxic sea-floor conditions.
These interpretations are in general agreement with
previous studies which have suggested that the shales
were deposited on the outer shelf (Dypvik et al., 1991b;
Krajewski, 2004; Nagy et al., 2009). FA 1 is commonly
seen at the base of a prograding unit (CU unit), and then
the sharp boundary observed in places between F1 and
F2 suggests a sudden shift in sedimentation rate due to
delta shift, i.e., avulsion or a sudden change in base line.

FA 2: Offshore marine condensed deposits

Description: This facies association is scattered
throughout the formation and consists of two facies: F6
glauconitic sandstone and F7 carbonates. In places, the
carbonates contain well preserved invertebrates with
calcite shells. Backstrom & Nagy (1985) described a
1.5 m-thick, tabular, condensed unit, i.e., the Marhogda
Bed, in nearby outcrops at Marhegda, northeast of
Konusdalen. It occurs in the lower part of the Oppdalen
Member and in our study we define it as the basal part
of the Agardhfjellet Formation. At Marhegda it shows an
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unconsolidated, 20 cm-thick, glauconitic sandstone (F6)
resting on the top surface of the Brentskardhaugen Bed,
followed by a 20-30 cm-thick monomict conglomerate
with well-rounded phosphate pebbles. At the base of the
Marhogda Bed, i.e., top surface of the Brentskardhaugen
Bed, Krajewski (1990) observed stromatolites and
encrusting agglutinated foraminifera in Van Keulen-
fjorden, south of our study area. The succession is
capped by an up to 1 m-thick dolomite mudstone bed
(F7) containing allochems of rare quartz and chert
grains, scattered chamosite ooids, and phosphatic and
glauconite grains. In DH5R, above the Brentskardhaugen
Bed, FA 2 consists of dark-grey greenish carbonate with

floating, coarse to very coarse quartz and glauconite
grains, suggesting a somewhat similar development. F7
is a characteristic facies in the Agardhfjellet Formation
and occurs as sandy/silty carbonate beds, with scattered
glauconite and phosphatic grains (Fig. 13). Carbonate
minerals include dolomite, ankerite, siderite and rarely
calcite. The thickness of F7 beds typically ranges from
a few centimetres to a decimetre, but occasionally up
to 1 m. Bivalves, gastropods and few ammonites and
belemnites occur on the top surfaces of some of these
beds, while other beds are packed with ammonites,
bivalves, belemnites, scattered vertebrate bones, wood
fragments and crinoids (e.g., the informal Dorsoplanites

Figure 10. (A) CT-image of the Myklegardfjellet Bed at 479.26-479.00 m in DH2 showing a completely burrowed part of the bed. (B) Microscope
view of the glauconite grains of the Myklegardfjellet bed suspended in the matrix, accompanied by pyrite. Note very thin lamination. (C)

Microscope image from 730 m in DH2. The core diameter is about 6 cm.
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Figure 11. (A) Top surface of a sandy carbonate bed, F7, with large bivalve shell fragments and gastropods ‘G interpreted as a condensed bed; FA 2
(cf.,, the Pecten-Bank’ reported from the Kimmeridgian at Festningen by Sokolov & Bodylevsky, 1931). The VHF Radio is 10 cm wide. (B) Burrowed
fine-grained sandstone, F4, from upper surface of a coarsening-upward unit; FA 3 to 4. Abbreviations: Ar - Arenicolites, Sb - Schaubcylindrichnus,
Te - Teichichnus. Th - Thallassinoides. The stick is 50 cm. Both pictures are from the Oppdalssita Member, Festningen, Isfjorden.

bed) and might be classified as coquinas. The fine- to
medium-grained glauconitic sandstone bed (F6) is up to
0.5 m thick and in the study area this facies occurs in the
middle part of the formation in both of the wells and the
nearby outcrops and acts as a correlative bed.

The upper boundary of the Agardhfjellet Formation is
defined by the base of the Myklegardfjellet Bed (Meork
et al., 1999). A description of this bed is nonetheless
included here as it is interpreted to belong to FA 2. The
Myklegardfjellet Bed occurs in outcrops as a shale with
large dark-green glauconite grains (Fig. 10). This bed
is heavily bioturbated (Figs. 10A, C) and is completely
devoid of macrofossils. The bioturbation masks any
pre-existing sedimentary structures. In the field, the
Myklegardfjellet Bed is a strong marker unit as it weathers
into green unconsolidated plastic clay, resulting from the
decomposition of glauconite (Dypvik et al., 1992).

FA 2 is easily recognised on wireline logs. Carbonate beds
(F7) in FA 2 show low gamma readings but peaks on
the velocity log. Sideritic beds show very high magnetic
susceptibility readings. The cleaner glauconitic beds (F6)
show the opposite response with high gamma values, low
velocity values and high magnetic susceptibility.

Interpretation: The base of the Marheogda Bed, i.e., top
surface of the Brentskardhaugen Bed with stromatolites
and agglutinated foraminifera (Krajewski et al., 2001), is
a correlative surface throughout Svalbard (Merk et al.,
1999) representing a marine omission surface. Based on
a petrographic and diagenetic study, Krajewski (1990)

interpreted the Marhogda Bed as a result of change
in water circulation at a very low sedimentation rate.
Phosphate nodules probably formed at the base during
transgressive events (Krajewski, 1990).

The dolomite/ankerite and siderite show isotopic
compositions indicating formation during deep burial
(Krajewski, 2004). However, they most likely originated
from dissolution of beds rich in aragonite and calcite
fossils. Isotopic work on the carbonate concretions and
beds in the Agardhfjellet Formation revealed they were
formed by a combination of dissolution of biogenic
carbonate and thermal decomposition of organic
matter (Krajewski, 2004). Siderite concretions with well-
preserved echinoderms (Rousseau & Nakrem, 2012)
in the Slottsmeya Member at Janusfjellet are consistent
with previous calcite concretions or beds diagenetically
altered to siderite during burial. Generally, fossiliferous
carbonate beds within a predominantly siliciclastic shale
unit suggest condensation, as muds tend to ‘shut off” or
dilute the production of biogenic carbonate (Walker
et al,, 1983). A few examples of well-preserved fossils
with no sign of broken shells capping the top surface of
carbonate beds suggest omission surfaces and deposition
below storm wave base. Also, well preserved ammonites
and bivalves often with both shells intact in highly
fossiliferous carbonate beds, e.g., the Dorsoplanites bed,
suggest deposition below storm wave base. It is then
concluded that these beds do not represent allochthonous
carbonate beds as, for example, storm beds, but they are
rather a response to condensation by termination of clay
and silt deposition.
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Two beds constitute the glauconitic facies (F6).
Glauconite is generally seen as grains replacing minerals
or small amorphous clusters in the formation. The
glauconite beds suggest mostly an autochthonous or
parautochthonnous origin. Glauconite is commonly
formed in open-marine environments with very low
sedimentation rates (Odin & Matter, 1981).

In the lower part, glauconite sandstone beds are
overlying the top surface of the Brentskardhaugen
Bed and are followed by a monomict phosphate
conglomerate (Rismyhr et al, in press). Glauconite
associated with phosphate is commonly interpreted
as due to condensation, although reworking in active
tectonic basins can produce allochthonous glauconite
(Amorosi, 1997). The top surface of the first coarsening-
upward unit in the Oppdalssita Member (Figs. 2, 17)
is also capped by dm-thick glauconitic sandstone in all
wells and nearby outcrops at Janusfjellet and Konusdalen,
and functions as a correlative surface in Adventdalen. F8
suggests that there was a temporary slowdown of clay
and silt sedimentation on the sea floor.

Poorly exposed

---=- FS 3
55§

Thickness in meters

Poorly exposed

To conclude, FA 2 represents deposition under very low
accumulation rates, i.e., condensation. Lack of sediment-
ary structures and well preserved body fossils indicate
protected deposition and sediment starvation. This,
together with a variable marine invertebrate fauna includ-
ing common ammonites, bivalves and belemnites, suggests
an open marine shelf depositional environment. FA 2 was
probably deposited below storm wave base, distal from the
source area, or alternatively the lack of sediment may have
resulted from large-scale delta shifts, avulsion. However,
the origin of the Myklegardfjellet Bed is still enigmatic and
it might represent a much shallower water depth.

FA 3: Transition zone/Prodelta

Description: FA 3 occurs as tabular bodies in the study
area. This facies association consists mainly of heteroliths
(F3), interbedded grey silty shale (F2) and burrowed
very fine-grained sandstone (F4; Fig. 13). Normally, FA 3
occurs above FA 1 and in the middle part of coarsening-
upward (CU) units overlain by FA 4. In the Slottsmoya
Member, FA 3 never passes upward to FA 4 but is

B Bivalve
“r~ Ripples
55 Burrowing

Il Black shale
E=3 Shale, low organics
[] sandy silt

Figure 12. Three CU units comprising FA 3 passing up to FA 4 and belonging in the Kimmeridgian (upper part of the Lardyfjellet Member and
Oppdalssita Member). (A) Logged succession: A flooding surface (FS 1) above a poorly exposed CU unit followed by two CU units. (B) The
three CU units show gradually thicker sandstone beds upwards suggesting an overall prograding succession or regressive sequence. See Fig. 2 for
comparison with borehole DH5R. (C) FA 3: Planar-parallel stratification and ripples intersect burrowed very fine-grained sandstone, from the
middle part of second CU unit (V.B. = vertical burrow). (D) FA 4: Bedding surface from upper part of upper CU unit with Rhizocorallium (Rh.)
and Planolites (PL.) burrows. The section is from the valley between Criocerasaksla and Wimanfjellet.
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Figure 13. Thin-section of burrowed, very fine, muddy sandstone
with scattered glauconite grains, F4 and FA 3. Near the top of the
Oppdalssita Member in DH2, 608 m.

normally overlain by offshore shale (FA 1) or condensed
units (FA 2). In rare cases, hummocky cross-stratified
sandstone (F4) has sharp boundaries towards an
underlying black paper shale (F1; Fig. 14), then overlain
by heteroliths (F3) of FA 3. In fining-upward (FU) units,
FA 3 occurs in the lower or middle parts. Hummocky
cross-stratified, laminated and current-rippled and very
fine-grained sandstone beds (F4) in places intersect the
main lithology in FA 3. In the uppermost part of the
Slottsmgya Member, approximately 30 m below the base
of the Rurikfjellet Formation (Myklegardfjellet Bed),
a 20 m-thick diamictite unit with amalgamated beds of
matrix-supported, poorly sorted mud clasts and quartz
grains (F5), intersects the silty shale of FA 1 in DH5R,
and is assigned to FA 3. The diamictite shows no fining-
or coarsening-upward trend. The sandstone beds in FA
3 are commonly carbonate cemented, convolute-bedded
and normal graded beds from siltstone to very fine-
grained sandstone.

Siderite concretions are generally flattened discos-shaped
bodies and can reach a considerable size with a diameter
up to 4-5 m. Chondrites, Planolites, Nereites and rare
occurrences of Palaeophycus trace fossils are observed,
but bioturbation is generally relatively low within FA 3.
Ammonites, belemnites, some bivalves and gastropods
and rare wood fragments are also observed. Several
marine reptiles are found in this facies association
(Hurum et al., 2012; Delsett et al., 2016). The gamma log
shows a cylinder to funnel shape with highly serrated
traces. The base of the diamictite shows a sharp increase
in velocity (Fig. 17).

Interpretation: Scattered hummocky cross-stratified beds
(F4) in a heterolithic facies (F3) and the stratigraphic
position between outer shelf or offshore shale (FA 1) and
the coarser-grained lower shoreface or delta front (FA
4) both suggest transition zone deposits (cf., Howard &
Reineck, 1981). Planar-parallel stratification (PPS; also

reported by Dypvik et al. (1991b) in a location 20 km
southeast of Janusfjellet) and current ripples suggest
additional traction-generated structures, indicating
distal hyperpycnal flow deposits (Mulder et al., 2003).
The shales might represent a combination of muddy
turbidites from river-fed hyperpycnal flows and mud
settled from hypopycnal plumes (Parsons et al., 2001).
Later bioturbation destroyed the originally laminated
deposits. Deformation of sediments in prodelta deposits
is commonly caused by prograding deltas (Galloway
& Hobday, 2012). The diamictite (F5), interpreted as a
debris flow, is then suggested to be a result of slope failure
in a prodelta setting. The sudden increase in velocity is
consistent with a more homogeneous mud-supported
debris flow, suggesting more compacted high-density
sediments during deposition (Mulder & Alexander, 2001).

FA 3 is generally found in the lower-middle part of a CU
unit (Fig. 12) which suggests it is part of a prograding
shoreline or delta.

FA 4: Shoreface/Delta front

Description: This facies association is well recognised
on wireline logs as showing low gamma and high
velocity as a result of the high degree of cementation
of the sandstone (Fig. 4). The sandstones correspond to
peaks in Zr/Rb ratios, with values from c. 8 to more than
15 (Fig. 6). It is normally either capping a coarsening-
upward (CU) unit or is part of one. This FA consists of
intensely burrowed, grey-coloured, very fine to fine-
grained sandstones, often intersected by up to 30-60
cm-thick hummocky cross-stratified beds. In places. the
hummocky cross-stratified beds have a lag of broken
gastropod and bivalve fragments.

The sandstones in FA 4 are quite commonly dolomite
cemented and weather to a yellowish colour in outcrops.
FA 4 has the most diverse trace fossil assemblage in the
Agardhfjellet Formation. Skolithos, Palaeophycus, small
Chondrites and Teichichnus are common throughout FA
4, while Arenicolites and Rhizocorallium occur mostly in
the upper part of the CU units suggesting a mixture of
Skolithos and Cruziana ichnofacies (Fig. 11).

Gastropods are common in some beds, mainly in the
Oppdalssata Member. A very fine to fine-grained, 1.5
m-thick burrowed sandstone of the Oppdalssata
Member in the Festningen section shows a rich and
diverse trace-fossil assemblage. The following trace
fossils are identified: Phycosiphon incertum, Teichichnus
rectus,  Schaubcylindrichnus  coronus, — Siphonichnus
ophthalmoides, Skolithos isp., Taenidium isp., Thalassi-
noides isp. and Rosselia isp. (Dirk Knaust, pers. comm.,
August 2017).

FA 4 is normally overlying prodelta facies (FA 3) or
offshore shale (FA 1) and in places is capped by the
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Figure 14. (A) Rare, thick, single-storey hummocky cross-stratified sandstone bed F4 in FA 4. Note the convex up laminae and low-angle truncation

L

of laminae (stippled), Oppdalssita Member at Janusfjellet. (B) Very fine-grained carbonate-cemented sandstone bed from the Oppdalssita Member,
Janusfjellet. The lower part is homogeneous and the lack of structures is probably caused by bioturbation. The upper half starts with a subtle erosive
surface overlain by a lag of broken fossil fragments with gastropods, which fines upward (less coarse fossil fragments) to laminated very fine-grained

sandstone. This upper half is interpreted as a tempestite in FA 3.

condensed facies of FA 2. In a locality in northeast
Adventdalen, a 4-5 m-thick, well-organised CU unit
is resting on black paper shale of FA 1 in the upper part
of the Oppdalssata Member (Fig. 15). This CU unit is
organised as interbedded very fine-grained sandstone and
burrowed siltstone and with heteroliths of FA 3 at the base.
This basal part is passing upward to two amalgamated
hummocky and swaley cross-bedded, very fine-grained
1.0 and 1.5 m-thick sandstone beds (FA 4) separated by
a 20 cm-thick shale bed. The upper amalgamated bed
is followed by a 30 to 40 cm, fine-grained, glauconitic
dolomite-cemented sandstone bed with faint trough
cross-stratification (Fig. 15). The CU unit is capped by
a laterally consistent belemnite, ammonite and bivalve-
rich condensed sandy carbonate bed with numerous
wood fragments and logs assigned to FA 2. This CU unit
gradually thins laterally and pinches out towards the
northeast to burrowed, grey-coloured, very fine-grained
bedded sandstone with a few hummocky cross-stratified
beds (Fig. 15). The CU unit is overlain by organic-rich
shale FA 1 with a few wood fragments, logs and common
bivalves. The gamma and velocity logs have a typical
serrated funnel shape for the CU units (Fig. 4) and a
serrated bell shape for the FU unit.

Interpretation: FA 4 is seen as the uppermost FA in the
well-organised CU units (Figs. 12 & 15) particularly in
the Lardyfjellet Member and Oppdalssata Member. FA 4
and the CU units from siltstone to fine-grained sandstone
(Fig. 14) in the Oppdalssata Member were interpreted by
Dypvik et al. (1991b) as shelf sand ridges, later termed
offshore sand bars (Dypvik et al., 2002). Due to full core
coverage combined with wireline logs, detailed studies of
nearby outcrops (i.e., northeast Adventdalen), improved
biostratigraphy, palacontology and a diverse recognised

trace-fossil assemblage, it is possible to give an alternative
interpretation.

The majority of sedimentary structures in FA 4 are
generated by mixed oscillation and traction currents. The
scattered hummocky cross-stratified sandstone beds in
the more heterolithic FA 3 become amalgamated upward
to FA 4, with hummocky and swaley cross-bedding,
which then represents a shallowing-upward deposition,
probably from a prograding wave-dominated shoreline
(cf., Walker & James, 1992; Dumas & Arnott, 2006).
The rich ichnofauna indicates general shallow-marine
conditions in a well-oxygenated environment, probably
in a lower shoreface setting or distal delta front (Frey et
al,, 1990, Knaust & Bromley, 2012; Knaust, 2017). Layers
with a mass occurrence of Siphonichnus ophthalmoides
were interpreted by Knaust (2015) as caused by
fluctuating salinity linked to freshwater influx due to the
close vicinity to a deltaic environment (Knaust, 2015).
The majority of CU units in the Oppdalen Member in
our study area are suggested to shallow up to the lower
shoreface or lower delta front. The well-defined 4-5
m-thick CU unit with thicker amalgamated hummocky
and swaley cross-stratified beds in northeast Adventdalen
pinches out only tens of metres laterally (Fig. 15) and is
interpreted as a remnant of a wave-dominated delta front
(Pratt et al., 1992). The low-angle trough cross-stratified
very fine-grained sandstones in the upper part represent
middle shoreface or more proximal delta-front deposits.
The isolated bodies are probably a result of a delta-lobe
shift in a wave-agitated basin. The overlying, laterally
consistent, condensed facies (FA 2) is possibly due to a
sudden relative sea level rise or delta-lobe abandonment.
Both processes will terminate sediment input to the
basin, i.e., producing a starved basin.
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Towards a sequence-straﬁg?{raphic
model of the Bathonian to Ryazanian
succession in central Spitsbergen

Stacking pattern of the facies associations

As shown above, we have subdivided the Agardhfjellet
Formation into four facies associations (Table 2). The
facies associations are coupled mainly to CU and rare
FU units. The CU units are normally organised in an
ascending order from offshore (FA 1), via transition zone/
prodelta (FA 3), to lower middle shoreface/delta front (FA
4). These stacking patterns of CU units are interpreted
as distal responses to prograding coastlines/deltas. The
condensed FA 2 is more problematic and might represent
both offshore and inner shelf depositional environments.
In the latter case it caps or constitutes the upper part of
the CU units. Glauconite beds or glauconitic sandstones
(Fig. 10B) are mostly associated with the transgressive
systems tract and maximum flooding surfaces (Loutit
et al., 1988; Amorosi, 1995; Amorosi et al., 2012). The
lower part of the formation, the Oppdalen Member, is
organised as a well-defined FU unit and commonly with
a condensed unit, FA 2, in the lower part (the Marhogda
Bed) containing glauconite (F6), monomict phosphate
and a carbonate bed (F7). This is followed by FA 3 and
capped by FA 1, indicative of a transgression or back-
stepping of a coastline.

Agardhfjellet Formation organised as clinoforms

Clinoform geometries are not observed in outcrops
or in seismic data in this study. However, geometries
can also be deduced from the stacking pattern of facies
(Helland-Hansen & Hampson, 2009). The numerous
well organised CU units and their facies associations in
the Agardhfjellet Formation suggest that the formation
is attributable to foreset and bottomset depositional
profiles as defined by Steel & Olsen (2002). The
thicknesses of the deduced clinoform units suggest that

Figure 15. Outcropping sandstone unit in the Oppdalssdata Member,
northeast Adventdalen. (A) FA 4 with amalgamated hummocky (HCS)
and swaley (SCS) cross-stratified very fine-grained sandstone in lower
1.5 m part passing upward to faint trough cross-stratified fine-grained
sandstone, probably migrating dunes, F4. Above the black stippled line;
black paper shale, F1, is sharply overlying the sandstones, The red line
marks the onset of carbonate-cemented sandstone and represents the
MRS. The MFS is marked by the blue stippled line. The stick is I m and
the picture is marked with a bar in (D). (B) Thin-section showing very
fine-grained moderately sorted sandstone with glauconite grains of the
middle part of the sandstone succession, coloured yellow in (D). (C)
Poorly sorted dolomite-cemented glauconitic fine-grained sandstone
from the upper part of the sandstone unit, coloured orange to green
in (D). (D) Logged succession of the outcrop. The more homogeneous
sandstone unit is pinching out to the SW, with a more heterolithic and
silty succession in the NE.

they represent shoreline clinoforms at a scale of metres to
tens of metres in height, as defined by Helland-Hansen &
Hampson (2009). The shoreline clinoforms are produced
by prograding deltas, strandplains and barrier islands.
From core descriptions and wireline log motifs the two
middle members, Lardyfjellet Member and Oppdalssata
Member, form well defined CU units (Fig. 17). These CU
units comprise from base: offshore (FA 1) via transition
zone/prodelta (FA 3) to distal delta-front/lower middle
shoreface facies associations (FA 4). The CU units are
commonly capped by condensed facies associations (FA
2). These stacking patterns of the facies associations are
interpreted to represent clinoforms with bottomsets,
slope and foresets, respectively.

FA 3 and 4 show beds with hummocky cross-stratification
indicative of having been deposited within the storm
wave base (Dumas & Arnott, 2006). Sedimentary
structures or ichnofacies are not necessarily indicators
of water depth as penetration of waves to sea floor varies
from larger to smaller oceans. For example, from the
Gulf of Mexico to the Atlantic side of Florida, wave base
changes from 50 m to 100 m (Peters & Loss, 2012). Fair-
weather wave base typically occurs at a depth from 5 to 20
m (Nichols, 2009). The CU units in Konusdalen (Fig. 12)
with Cruziana ichnofacies are indicative of low-energy
marine depositional environments near storm wave
base (Frey et al., 1990). Although neither decompaction
nor basin subsidence is taken into consideration, the
stacking pattern of the CU units, i.e., the clinoforms,
gives some indication of water depths during deposition
of the Agardhfjellet Formation. A nearly 40 m-thick CU
unit is seen from 627 m to 575 m in borehole DH5R, in
the Lardyfjellet Member and Oppdalssata Member (Fig.
17). This is the thickest continuous CU unit in our study
area and suggests water depths of tens of metres during
progradation. This is a scale comparable to subaqueous
clinoforms as described by Helland-Hansen & Hampson
(2009). These observations, taken together, indicate
a storm wave base of less than 50 m in this basin. The
more subtle CU units in the Slottsmeya Member, which
only reach the lower slope facies association (FA 3) as
the most proximal facies, are also suggested to have
been deposited in relatively shallow water (Nagy et
al., 1990; Hammer et al., 2011; Collignon & Hammer,
2012; Hryniewicz et al., 2012). Furthermore, the biota,
particularly foraminifers, suggest that this member also
was deposited in shallow water within an epicontinental
sea (Nagy et al., 1990; Dypvik et al, 1991b; Nagy &
Basov, 1998). Here, the clinforms represent a more distal
depositional environment than the Lardyfjellet Member
and Oppdalssita Member.

As the top set, ie., foreshore or coastal/delta plain
deposits, is not observed in the CU units in the
Agardhfjellet Formation, the majority of CU units in
the formation are probably deposited as subaqueous
clinoforms. One exception is the sandstone body in
Adventdalen (Fig. 15) which is interpreted as a delta-
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Figure 16. Stratigraphy of the Toarcian to Valang-

inian succession in our study area. Time scale after
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Figure 17. Suggested sequence stratigraphy of the Agardhfjellet Formation based on wells from Adventdalen. The stippled blue line and the red line
are drawn to the log motifs which give the best definition of the MFS and MRS, respectively. As the upper part is close to a major thrust fault, i.e.,
the upper decollement zone in the study area, there is some concern of the validity of TR 6 in DH5R. Also, the debris deposits (the diamictite bed,

marked in grey in the figure) give some uncertainty to TR 6 in DH5R.

front deposit with an almost preserved top set (middle
shoreface). This CU unit might be classified as a shoreline
clinoform or even originally as a part of a subaerial delta
clinoform event (cf., Helland-Hansen & Hampson, 2009).
The missing, expected, top-set deposits might have been
truncated or most likely distally deposited and reworked
during a transgressive event (cf., Helland-Hansen &
Hampson, 2009).

Sequence-stratigraphic subdivision

In our study area, the Agardhfjellet Formation is bounded
by two key sequence-stratigraphic surfaces which also
define the lithostratigraphic boundaries of the formation
(Mork et al, 1999). The lower lithostratigraphic
boundary is the top of the Brentskardhaugen Bed.
This top surface is interpreted as an omission surface
(Rismyhr et al., in press) and if present is also the base
of the Bathonian Marhegda Bed. The upper boundary
surface of the Agardhfjellet Formation is also the base
of a condensed bed; i.e., the Myklegardfjellet Bed of
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probably latest Ryazanian-earliest Valanginian age.
As discussed by Wierzbowski et al. (2011), the Early
Ryazanian ammonite Borealites reported from the
Myklegardfjellet Bed by Basov et al. (1997) may rather
have come from the topmost Agardhfjellet Formation,
based on lithology. Due to the unsolved facies
interpretation of the Myklegardfjellet Bed (see discussion
above) the nature of the upper sequence-stratigraphic
surface is problematic, but it roughly coincides with the
familiar so-called Base Cretaceous Unconformity (BCU)
in the Barents Sea (Faleide et al., 1993, 2008; Smelror et
al., 2001). These two key sequence-stratigraphic surfaces
are also correlative into the Barents Sea. The top surface
of the Realgrunnen Subgroup is correlative with the
lower surface, while the upper surface, BCU or base
Myklegardfjellet Bed, is correlative with the base of the
Klippfisk and Knurr formations (Smelror et al., 1998;
Worsley, 2008; Henriksen et al., 2011). These surfaces are
not necessarily regionally chronostratigraphic.

By combining the stacking pattern of facies from cores
and outcrops, wireline logs, TOC, magnetic susceptibility
and Zr/Rb values with the biostratigraphy, we have
defined six transgressive and regressive (TR) sequences,
TR 1 to TR 6 (Fig. 16 & 17), which we believe might
provide a framework for regional correlative surfaces.
In addition, there may be Bajocian, Oxfordian and
Valanginian hiatuses or at least condensed intervals, i.e.,
sequence boundaries, in the cores described here. This is
indicated by possibly missing Bajocian strata (Backstrom
& Nagy, 1985), the lack of recognised Middle/Upper
Oxfordian strata (Fig. 16) and the near base Valanginian
unconformity surface (BCU). Also, the transition
between the Volgian and Ryazanian is poorly represented
(cf., Wierzbowski et al, 2011). We have subdivided
the Bathonian to latest Ryazanian into six informal
TR sequences. We recognise that the lower and upper
boundary surfaces of the the Agardhfjellet Formation
(i.e., the Bajocian hiatus and the near Valanginian base,
BCU, respectively), the near top Oppdalen Member, i.e.,
top of TR 1, and near the boundary between the Volgian
and Ryazanian, i.e., top of TR 5, are of more correlative
importance regionally (Fig. 17). While TR 1,2, 3 and 4 are
well defined, the fine-grained nature of TR 5 and 6 make
interpretation of prograding and retrograding trends
more challenging. In TR 3, 4, 5 and 6 (Fig. 17), potential
higher-order sequences have also been identified.

Embry (1993) and Embry & Johannessen (1993) used the
combination of subaerial unconformity (SU), shoreline
ravinement surface (SR-U) and maximum regressive
surface (MRS) as basin-wide sequence-stratigraphic
boundaries. In wells, the maximum regressive surface
occurs near either the top coarsest siliciclastic unit or the
lowest gamma and highest velocity readings of a CU unit.
In outcrops, the MRS are picked near or just below the
top surface of the proximal facies within a prograding
CU unit. It is commonly seen as the base of a carbonate-
cemented sandstone or a surface with a sudden increase

in bioturbation. The reasoning for picking the MRS at
these levels is that it indicates less energy or drowning
and thereby the turning point from prograding to
retrograding. However, due to either an unclear age or
disputed dating, the basal boundary surface is picked
on the top surface, ie., the omission surface of the
Brentskardhaugen Bed in this study.

The bases of correlative condensed beds may also suggest
sequence boundaries (Galloway, 1989). Glauconite
beds and the most prominent carbonate beds seen
as stratiform beds in outcrops suggest several levels
of sediment starvation. Glauconite and siderite are
expressed by a high magnetic susceptibility reflecting
the presence of iron minerals whereas siderite or other
carbonates give high velocity peaks. We have then
chosen the most prominent condensed beds as MRS
at the base and MFS on the top surface of these beds.
This means that we separate MRS from MFS as the bed
might include a longer time span. A sudden change to a
more silt content in the shales or vice versa might also
be indicative of sequence-stratigraphic surfaces based
on the assumption of a change from a distal to a more
proximal facies (Macquaker & Gawthorpe, 1993). An
increase in TOC values is most likely a combination of
higher organic productivity and less influx of clay and
silt, and is probably due to raised relative sea level; thus,
a candidate for picking the MFS. Below and in ascending
stratigraphic order we describe the six TR sequences
which span nearly 25 myr. Apart from TR 6, the available
gamma and velocity logs and magnetic susceptibility
from DH5R are used for the definition of TR sequences,
but correlation towards the 7 km westward-distant DH2
based on sedimentological log, TOC and Zr/Rb curves
seems well constrained. The layer cake correlation over
this relatively short distance probably reflects the mostly
distal deposits on a flat sea floor or perpendicular to
the depositional dip within an area of gentle slope in a
shallow epicontinental or sag basin.

TR 1

The SB of TR 1 is defined at the top of the
Brentskardhaugen Bed. In addition to the Marhggda Bed
when present, it includes most of the Oppdalen Member
. It varies in thickness from 27 m in DH2 to 30 m in
DH5R. Apart from the Marhogda Bed, the lower part
of TR 1 is poorly exposed in most outcrops in Central
wSpitsbergen.

Age: Bathonian to Oxfordian, with the Calyx and
Cordatum zones.

Sedimentological expression: The Brentskardhaugen
Bed is conformably overlain by, if present, a glauconitic
chamositic carbonate with phosphatic ooids, and
carbonate-cemented sandstone, FA 2, which is
referred to as the Marhogda Bed (Béckstrom & Nagy,
1985). However, generally above the top surface,
i.e., the omission surface at the top surface of the
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Brentskardhaugen Bed, in cores TR 1 shows a subtle
fining-upward (FU) trend from sandy to silty shale to
shale with less silt content; F2. The FU trend is easier to
recognise on the gamma log.

Sequence stratigraphic expression of the surfaces: The
surfaces are based upon the wireline logs and the cores of
borehole DH5R. The MRS of TR 1 is based on an abrupt
change in velocity and higher gamma reading at 643 m.
It is also recognised in the DH5R core by the transition
from grey silty shale (F2) to black shale with a sudden
increase in TOC (F1; Figs. 5 & 17). A gamma peak at 648
m and increase in TOC in borehole DH5R is suggested
as the MFS in TR 1. The surfaces are not clear in borehole
DH2, but we have used the top of the Cordatum zone as
a possible hiatus in central Spitsbergen and thereby a
potential sequence boundary within the Oxfordian strata
in central Spitsbergen.

The transgressive nature of the lower part of the
Oppdalen Member is well documented in Svalbard
(Dypvik et al., 1991b; Nagy & Basov, 1998; Nagy et al,,
2009).

TR 2

The SB of TR 2 is defined as the MRS of TR 1. It includes
the uppermost part of the Oppdalen, the Lardyfjellet and
the lower part of the Oppdalssata members, and varies in
thickness between 71 m in borehole DH5R and 73 m in
borehole DH2. The SB of TR 2 is suggested to correlate
to near the boundary surface between the Fuglen and the
Hekkingen formations in the Barents Sea (cf., Smelror et
al., 2001; Worsley, 2008).

Age: Oxfordian to Late Kimmeridgian. There may be a
small hiatus between TR 1 and TR 2.

Sedimentological expression: Above the SB,a 21 m-thick
blackshale,F1,showsa gradual upward decrease in velocity
and increasing TOC in borehole DH5R, suggesting a
gradually more distal facies. A 40 m-thick well-defined
CU unit follows which is a characteristic trend of TR 2 in
both wells and outcrops. This CU represents the thickest
prograding unit in the Agardhfjellet Formation. In core
and outcrop the CU trend passes from black shale (F1)
to silty shales (F2) and sandstones and from FA 1 to 3
and 4 in ascending order. Besides a gradual upward-
coarsening grain size, it is characterised by log motifs
showing high gamma and low velocity readings together
with high TOC values in the lower part passing upward
to gradually lower gamma and higher velocity readings
and TOC values.

Sequence-stratigraphic expression of the surfaces:
Black shale F1 rests on grey shale F2 above the sequence
boundary; the MRS of TR 1. There is an abrupt upwards
change in the gamma log motifs from blocky to serrated
while velocity increases and then gradually decreases in
DH5R. We suggest that this is related to the carbonate

content in the shale. At 623 m in borehole DH5R, both
gamma and velocity logs show a shift in log motifs
with higher gamma and lower velocity readings, and
increased TOC. The MFS of TR 2 is defined as the highest
gamma reading at 617 m in borehole DH5R, while the
remaining 40 m-thick CU unit is the regressive system
tract. A consistent, up to 1 m-thick, glauconite bed at 630
m in borehole DH2, 570 m in DH5R, and also seen at
Janusfjellet (Fig. 2) represents a longer period of sediment
starvation. It gives a high magnetic susceptibility peak in
both borehole DH2 and DH5R, reflecting the iron content
of the glauconite. Condensed beds normally occur in the
transition between regressive and transgressive deposits
(Galloway, 1989). The MRS of TR 2 is then placed at the
base of this condensed bed.

TR 3

The SB is defined as the base of a nearly 1 m-thick,
correlative glauconite bed in wells and nearby outcrops
(Figs. 2 & 17). TR 3 is conformably overlying TR 2. The
sequence is 34 and 35 m thick in boreholes DH2 and
DH5R, respectively. This TR sequence occurs in the
middle part of the Oppdalssita Member, and in cored
successions the gamma-ray log motif reveals two CU
units above the glauconite bed (Fig. 17). These CU units
are probably comparable to the 15 m-thick succession
with two CU units seen in outcrops in the valley between
Criocerasaksla and Wimanfjellet (Fig. 12).

Age: Late Kimmeridgian.

Sedimentological expression: The consistent correlative
greenish-coloured bed is seen in outcrops and glauconitic
sandstone is observed at the same stratigraphic level in
the cored section. The two CU units are here suggested as
higher-order sequences in TR 3 (Fig. 17). An ammonite in
the CU unit in the outcrop east of Adventdalen (Fig. 17),
probably Hoplocardioceras elegans, suggests the same age
as TR 3 and it probably represents the upper CU unit in
the boreholes. This outcrop, as well as other outcrops (Fig.
17) in central Spitsbergen, show similar CU units which
pass from black paper shale to sandstones; FA 1, 3 and 4,
with either abrupt or gradual transition from sandstones
to paper shale above.

Sequence-stratigraphic expression of the surfaces: Both
the SB and MFS are defined by the glauconite bed. While
the SB of TR 3 is placed at the base of the glauconite bed,
the MFS is on the top surface of the same bed. The MRS of
TR 3 is well defined in the Adventdalen outcrop. Below the
top surface of the CU unit, a 20-40 cm-thick, carbonate-
cemented, burrowed upper part indicates a slowdown of
sedimentation; a turnover point which is typical for an
MRS (Embry, 1995). Although not clearly observed in the
cored succession (although a strong Ca peak indicating
carbonate cementation is seen in the XRF data at 603.5 m
in borehole DH2), the same MRS is placed slightly below
the top surface of the sandstone.
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TR 4

The SB of TR 4 is defined as the MRS of TR 3 and is
conformably overlying TR 3. The sequence occurs in the
upper part of the Oppdalssata Member and lower part of
the Slottsmeya Member. It varies in thickness from 26 m
to 29 m in outcrops at Janusfjellet and Deltaneset, and is
29 m thick in borehole DH5R and 28 m thick in borehole
DH2. Above the MEFS at ¢. 601 m in borehole DH2 and
542 m in borehole DH5R, TR 4 consists of two CU units
which represent two higher-order sequences.

Age: Early Volgian.

Sedimentological expression: The lower transgressive
part fines upward from thin silty shale bed F2 to paper
shale F1.

Sequence-stratigraphic expression of the surfaces: As in
TR 3, the MRS is placed at the base of a condensed unit.
In this case it consists of a siderite bed on top of a CU
unit. On log data, the MFS is located by the high gamma
peak of a thin FU unit in borehole DH5R and coincides
with a sudden increase in TOC and a low in the Zr/Rb
curve in borehole DH2, indicating the finest grained
sediments there. In the Janusfjellet and Konusdalen
outcrops, details in this part of the Agardhfjellet
Formation are obscured by weathering.

RS

The MRS of TR 4 is defined as the SB of TR 5 and is
conformably overlying TR 4. In the boreholes DH2 and
DH5R, TR 5 is 70 m and 74 m thick, respectively, and
it occurs in the lower to middle part of the Slottsmoya
Member. TR 5, as also TR 6, is weakly expressed, visible
mainly only on gamma and velocity logs, and has not
yet been recognised in outcrops. However, above the
MES in TR 5 two well defined CU units are recognised
from cores and velocity and gamma log motifs, which
represent two higher-order sequences.

Age: Early to Middle Volgian.

Sedimentological expression: The lower transgressive
part fines upward from a thin bed of very fine-grained
sandstone F4 to silty shale F2 to paper shale F1. The
regressive part shows a mixture of facies associations; FA
1,2 and 3.

Sequence-stratigraphic expression of the surfaces: As for
sequence TR 3, the base of a condensed unit is defined as
the MRS. The MFS is placed at the high gamma peak in
borehole DH5R, which in cores is recognised in the lower
part of a black paper shale unit. Thin, subtle, CU units are
common in the Slottsmeya Member and although faintly
expressed, some of them can be detected on the gamma
and velocity logs (Fig. 17). They represent higher-order
sequences which are included in the regressive part of
TR 5.

R6

The SB of TR 6 is defined by the MRS of TR 5. The TR
6 sequence is 30 m thick in borehole DH2 and occurs in
the middle to upper part of the Slottsmaya Member. Core
data in DH2, with a lower FU passing upward to two CU
units together with the dimactite in DH5R which can
be used as evidence of distal response to a prograding
coastline, provide the basis for the defined TR 6. Due to
proximity to the decollement zone in the uppermost part
of the formation in DH5R (Fig. 17), the TR sequence is
here probably incomplete. TR 6 ends our proposed T-R
subdivision of the Agardhfjellet Formation in central
western Spitsbergen.

Age: Middle Volgian to Ryazanian, including the
Taimyrensis zone. Ryazanian deposits are directly
recognised in our cores only by the single find of the
earliest Ryazanian ammonite Chetaites sibiricus at 507 m
in borehole DH2, but Late Ryazanian and possibly Early
Ryazanian ammonites were found in hydrocarbon seep
carbonates in the Janusfjellet area by Wierzbowski et al.
(2011).

Sedimentological expression: In the lower part, TR
6 fines upwards from silty shale F2 or heterolithic
sandstone F3 to blocky paper shale; F1. The regressive
part in borehole DH5R is passing upward to a c. 20
m-thick diamictite, F5. As in TR 5, the upper part of TR
6 in both DH2 and DH5R consists of a mixture of facies
associations FA 1,2 and 3.

Sequence-stratigraphic expression of the surfaces: As in
TR 3, the MRS of TR 6 is placed close to the boundary
between the Volgian and the Ryazanian which might
have a small hiatus. The MFS is placed in the middle part
of the first black paper shale accompanied by an increase
in TOC and above the diamictite in borehole DH5R.
Also, we speculate that the slumped deposits might mark
the sudden onset of regression, e.g., from a slump scar
due to unstable clay sediments.

Summary and conclusions

The frost weathering in the Arctic, the dominant shale
lithology and diagenesis (Dypvik, 1984b; Dypvik et al.,
1991a, b; Dypvik & Zakharov, 2012) of the Agardhfjellet
Formation reduce the quality of preservation of
macrofossils. Invertebrate fauna preserved as moulds
are destroyed easily by the frost wedging. This affects
the probability of finding invertebrate fossils in the field,
and as a result most ammonite finds were restricted to
sideritic and carbonate beds. Many studies have been
performed on these ammonites by e.g., Rogov (2010,
2014), Rogov & Mironenko (2016), Wierzbowski
(1989) and Wierzbowski et al. (2011). The ammonite
zones derived from this work fit very well with our
finds in the shale parts of the cores, except for the fact
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that Oxfordian ammonites are relatively rare in Central
Spitsbergen (Parker, 1967; Rogov, 2014; Koevoets et al.,
2016). Koevoets et al. (2016) identified an Oxfordian
Cardioceras in the Oppdalen Member (at 705 m) in
borehole DH2. The ammonites used in this study
place the Oppdalen Member in the Bathonian to
Lower Oxfordian with the presence of Kepplerites (8.
) svalbardensis and Cardioceras sp.. The Lardyfjellet
Member is believed to be Early Kimmeridgian in age,
based on the presence of Amoebites subkitchini in the
lower part and numerous ammonites of the kitchini
Zone higher in the member. The Oppdalssata Member
with Hoplocardioceras elegans is considered to be mostly
Upper Kimmeridgian; and finally, with the presence of
Dorsoplanites sp., the Slottsmeya Member was deposited
during the Volgian for the most part.

The cores have proven to contain a wealth of invertebrate
fauna. Even so, some sections of the formation have
uncertain age determinations due to the lack of
ammonites. Improved age constraints on the entire
formation were achieved by studies on palynomorphs
(Bjeerke, 1980; Arhus, 1988; Dalseg et al, 2016b).
Palynomorphs in the Agardhfjellet Formation are not
well preserved, but some conclusions could still be made
from the rough sampling here. The Bathonian — Lower
Callovian is situated in the lower Oppdalen Member, as
confirmed by the first appearance of Sirmiodinium grossii
and the last appearance of Valvaeodinium spinosum.
The Oppdalssidta Member is believed to be roughly Late
Kimmeridgian in age with the presence of Atopodinium
haromense, Cribroperidinium sp. and Rhyncodiniopsis
cladophora, while the Slottsmeya Member falls into the
Volgian to Ryazanian age range. The palynology fits
well with the ammonite age determinations. The age
control on the strata is therefore considered to be well
established and the formation ranges from Bathonian
to the Ryazanian-Valanginian boundary (age c. 140
Ma-167 Ma; Fig. 16).

The wireline log and TOC curve in Figs. 4 & 5 show
a strong peak in organic material/kerogen in the
Lardyfjellet Member. The depositional environment and
specifically the oxygenation of the deposited sediments
seem to vary greatly throughout the formation. As
shown in Fig. 6, about 80% of the XRF-scanned
samples indicate an anoxic depositional environment
and 20% fall within the dysoxic range. Black shales
and glauconitic deposits are associated with reducing
conditions (Wignall, 1994; Stonecipher, 1999). V/(V +
Ni) shows the highest levels of anoxia in the Oppdalen
Member and Lardyfjellet Member and the top of the
Slottsmgya Member (including the Myklegardfjellet
Bed), which is consistent with the interpretation of these
sections as outer shelf mud deposits (FA 1) and offshore
condensed marine deposits (FA 2). In the Oppdalssata
Member and Slottsmegya Member, the oxygenation
shows more alternation between dysoxia and anoxia.
This is consistent with the more common occurrence of

sandstone and siltstone beds, heterolithics, of a transition
zone/prodelta (FA 3) or shoreface/delta front (FA 4).

Based on six defined TR sequences, we have interpreted
the Agardhfjellet Formation as a distal response to
progradation and retrogradation of a coastline. Back-
stepping of the coastline in the Bathonian to Early
Oxfordian (TR 1) may have been followed by a middle
to upper Oxfordian hiatus in central Spitsbergen,
although ammonites of this age have been found in
western and southern Spitsbergen and at Kong Karls
Land (e.g., Kopik & Wierzbowski, 1988). The next two
TR sequences (TR 2 and TR 3), with distal delta-front
or lower middle shoreface deposits in the upper parts of
their CU units, reflect forward stepping of the coastline
in the Kimmeridgian to earliest Volgian. The Lower
Volgian to Ryazanian TR sequences, TR 5 and 6, have
much more distal facies in the upper part of each CU
unit suggesting a retreat of the coastline compared with
the Kimmeridgian to lowermost Volgian sequences. The
Lower Volgian TR 4 is then interpreted as the turning
point of a large-scale lower Kimmeridgian to Ryazanian
prograding and retrograding clastic wedge.

The lower sequence TR 1, with its sequence boundary at
the top of the Brentskardhaugen Bed, marks a dramatic
shift from coarse-grained to more mud-dominated units
and probably with a change in dominance of provenance
area towards the west (Bue & Andresen, 2014). We
propose a western/northwestern provenance for the
sediments which is consistent with the reconstruction of
Dypvik (1984a) and Dypvik et al. (1991a, 2002), and the
palaeogeographic map published by Smelror et al. (2009).
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