
89

Introduction
Following the recent discoveries and studies of numerous 
remains of marine reptiles (Hurum et al. 2012, this vol-
ume) and fossil-rich methane seep carbonates (Hammer 
et al. 2011) in the shales of the Slottsmøya Member at 
Janusfjellet, Central Spitsbergen (Fig 1a), it was decided 
to study this section in more detail with respect to dep-
ositional conditions and thus to provide a local, high- 
resolution, stratigraphic framework.

The Slottsmøya Member constitutes the uppermost unit 
of the Agardhfjellet Formation (Fig. 2) and is composed 
mainly  of grey to black (often paper) shales, thought to 
represent alternating oxic to anoxic bottom conditions 
(Dypvik 1980, 1985). The shales record total organic 
content (TOC) up to 11% (Hvoslef et al. 1986). The 
Agardhfjellet Formation extends from the Late Batho-
nian to the Ryazanian and possibly earliest Valanginian, 
based on macrofossils (mostly ammonites: Parker 1967; 
Ershova 1983; Wierzbowski et al. 2011), foraminifera 
(Nagy & Basov 1998) and palynology (Løfaldli & Thusu 
1976; Bjærke 1978). The middle part of the Slottsmøya 
Member is of  particular interest, as it records most of the 
vertebrate fossils found until now (Hurum et al. 2012, 
this volume). Moreover, Hammer et al. (this volume) 
recorded, in this part of the member, indications of c. 400 
kyr periodicity, which can be interpreted as a result of 
orbital forcing (long eccentricity). 

We will here present mineralogical and chemical ana-
lyses through the Slottsmøya Member at Janusfjellet with 
a special focus on the middle part of the member where 

most of the vertebrate fossils have been found.

Geological setting
The Middle Jurassic to Lower Cretaceous in Spitsbergen 
forms a single major stratigraphic unit, the Adventdalen 
Group (Parker 1967), which comprises two sequences 
of shelf deposits (the Janusfjellet Subgroup and the 
Caroline fjellet Formation) interrupted by the fluvial and 
nearshore deposits of the Helvetiafjellet Formation (Fig. 
2). The lower sequence (with the Janusfjellet Subgroup) 
consists of several hundred metres of organic-rich, clayey 
and silty material whilst the upper sequence (with the 
Carolinefjellet Formation) contains more sandstones and 
shales and is poorer in organic matter. 

The Janusfjellet Subgroup (Parker 1967; Dypvik et al. 
1991a, Dypvik et al. 1991b), with a variable thickness 
of 280-420 m in Eastern and Central Spitsbergen, rests 
on shallow-shelf to marginal marine sandstones and 
shales of the Knorringfjellet Formation, and is overlain 
by coarse-grained, light-coloured, fluviodeltaic sand-
stones of the Festningen sandstone member of the Hel-
vetiafjellet Formation. The subgroup comprises the 
Agardhfjellet and the Rurikfjellet formations (Dypvik et 
al. 1991a).  The dark shales of the Agardhfjellet Forma-
tion (90-350 m, 242 m in the stratotype at Agardhfjellet, 
Sabine Land) are interpreted as having been deposited in 
an oxygen-deficient shelf environment with fine-grained 
sedimentation (clays and organic matter), but the for-
mation also contains some siltstone and sandstone beds 
(Dypvik 1980, 1985; Dypvik et al. 1991a; Dallman 1999). 
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feature of this formation is the occurrence of diagenetic 
carbonates (ankerite/dolomite and siderite) at specific 
horizons (Dypvik 1978; Krajewski 1992; Bausch et al. 
1998).

The Slottsmøya Member is 70 to 100 m thick (84 m in 

Bituminous intervals of black paper shales dominate in 
the Oxfordian and Kimmeridgian parts of the succes-
sion (Pchelina 1965a, 1965b; Nagy & Løfaldli 1981). The 
shales of the Agardhfjellet Formation are easily weath-
ered and a yellow to red jarosite/gypsum coating can be 
observed at the surface (Birkenmajer 1980). A particular 
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Figure 1. Geological map of 
the Sassenfjorden area in 
Central Spitsbergen (modified 
from Dallman et al. 2001). 
The dashed line indicates the 
presence of one or more thrust 
faults causing stratigraphic 
repetitions or excisions.

Figure 2.  Upper Jurassic-
Lower Cretaceous lithostrati-
graphic units in East ern and 
Central Spitsbergen (modified 
from Dallman 1999 and Wier-
zbowski et al. 2011)
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Material and methods
The described lithology is based on field observations 
and magnetic susceptibility measurements. Conspicu-
ous beds (Fig. 3) consisting of siltstones or carbonate 
beds were used as markers in the field due to the homo-
geneous nature of the shales. The zero metre level in our 
logs is defined by the top of a thin, yellow, silty bed, c. 27 
m below the Dorsoplanites marker bed, which is a richly 
fossiliferous sideritic horizon. Sample positions were 
recorded with a Leica TCR 110 total station, with error < 
1 cm at 100 m distance, and corrected later with respect 
to dip. The magnetic susceptibility was measured directly 
in the field with a KT-10, hand-held, magnetic suscepti-
bility meter (Terraplus Inc.). Three measurements were 
taken every 5-30 cm in the central part of the member 
and averaged to reduce noise. The instrument was sys-
tematically calibrated in free air before and after every 
measurement.

XRD (Siemens D5000 apparatus) using Ni-filtered CuKα 
radiations was used for identification of mineral phases 
and semiquantitative determination of the mineral com-
position. The analysis was carried out on 52 untreated 
and non-oriented samples at the Department of Chemi-
stry, University of Oslo. Thirty samples were sent to Act-
labs, Canada for ICP-MS analysis and 35 samples to IFE, 
Norway for TOC analysis.

Statistical analyses were made using the software Past, 
version 2.08 (Hammer et al. 2001), Whilst the plotting 
and smoothing of the data, using a four point adjac-
ent averaging method, were computed with the soft-
ware Origin 8.5 (OriginLab Corporation). Statistical 
analyses are presented in tables, with the Pearson corre-
lation co efficient (r) and the p-value below and above the 
diago nal, respectively.

the stratotype at Slottsmøya, western Sabine Land). 
Its base is defined as the renewed onset of black shales 
above the silt and sandstones of the Oppdalssåta Mem-
ber, and its top by the last silt and very fine sandstones 
below the Myklegardfjellet Bed (i.e., base of the Rurik-
fjellet Formation). The member consists of dark-grey 
to black shales and paper shales, with local occurrences 
of red to yellowish siderite concretions as well as sider-
ite and dolomite interbeds. The middle to upper part of 
the member grades into a shale-silt-very fine sandstone 
succession, commonly rich in ammonites (Dorsoplanites) 
and bivalves (Dallman 1999). The member, dated from 
Volgian to Ryazanian and possibly earliest Valanginian 
time (Nagy & Basov 1998; Wierzbowski et al. 2011) was 
deposited in an open marine shelf environment. A hia-
tus in the uppermost part of the Slottsmøya Member a 
few metres below the Myklegardfjellet Bed has also been 
recorded (Smelror 1994; Nagy & Basov 1998; Wierz-
bowski et al. 2011).

The Myklegardfjellet Bed (0.5-11m in thickness), whose 
base is defined by the onset of reddish-yellow or green 
plastic clay, overlying dark shales of the Slottsmøya 
Member (Dallman 1999), is an important marker in 
Central and Eastern Spitsbergen, and has been assigned 
to the lowermost Valanginian based on ammonite evi-
dence (Wierzbowski et al. 2011). Its origin is not clearly 
understood. Parker (1967) and Birkenmajer (1980) sug-
gested an origin in terms of bentonites, glauconitic beds 
or weathering products of carbonate beds or dolerite. 
According to both glauconite and fossil contents, Dypvik 
et al. (1992) interpreted the bed as having been depos-
ited under normal-marine shelf conditions at the culmi-
nation of a shallowing episode.

Figure 3. Stratigraphic levels and units at Marhøgda, cf. Fig. 1. Photo: E. Knutsen 2006.
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The lower part, from the base of the member (-22 m) to 
the yellow marker (0 m), is a uniform succession of grey 
shales interrupted by two sandstone beds of a few deci-
metres in thickness (Fig. 4). The middle part (from 0 
m to 27m), showing rhythmic sedimentation, has been 
the focus for the vertebrate paleontology work and is the 
most thoroughly documented in this study. It consists of 
smooth, coarsening-upward sequences of grey to paper 
shale-silt-very fine sandstone units (2.5 to 5 m in thick-
ness). The silty, sandy beds are only 10-20 cm in thick-
ness (Fig. 4) and stand out slightly  in the field allowing 
their identification.  

Results
The Slottsmøya Member at Janusfjellet does not show 
any strong lithological variations, and consists mainly of 
grey to dark-grey (paper), blocky and prismatic shales 
with occurrences of thin silty to sandy beds a few cm in 
thickness, as well as carbonates. These carbonates occur 
either as beds of up to 20 cm in thickness or as concre-
tions a few centimetres to decimetres in diameter. The 
section can, however, be divided into three units, based 
on minor characteristic features.

0

-10

-20

10

20

70

40

50

-30

-40

60

30

Legend:
  lithology:

Sandstone 
Silty sandstone

Siltstone

Shales

Paper shales 
Clay

Siderite 

Dolomite

Dolomite nodules 

Siderite nodules 
P Phosphate
G Glauconite 

grain size scales:

cl:  clay 
si:  silt 
vf:  very fine
f:    fine
m:  medium
c:   coarse
vc: very coarse
g:   gravel
p:   pebbles
cb: cobbles
b:   boulders

S
an

ds
to

ne
s

fossils and particles:

Vertebrates 
Bivalves 

Ammonites 

Crinoids 

Bioturbation
Planar laminations

Calcareous nodules

cl si vf f m c vc

UPPER PART

MIDDLE PART

LOWER PART

Myklegardfjellet Bed

Sideritic bed

Dorsoplanites bed

Yellow silty bed

P

G

R
U

R
IK

F
JE

L
L
E

T
 F

O
R

M
A

T
IO

N

S
lo

tt
sm

ø
ya

  
M

e
m

b
e
r

W
im

a
n

fje
lle

t 
 M

e
m

b
e

r
O

p
p

d
a

ls
å

ta
  

M
e

m
b

e
r

A
G

A
R

D
H

F
JE

L
L
E

T
  
F

O
R

M
A

T
IO

N

MY.

 
V

a
la

n
g

in
ia

n
 

V
o
lg

ia
n
 

J
U

R
A

S
S

IC
 

C
R

E
T
A

C
E

O
U

S
 

age lith. strat.
units

R
ya

za
ni

an

?

?

Figure 4. Lithological 
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Member at Janusfjellet 
(location: cf. Fig. 1).
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Magnetic susceptibility

The highest peaks of magnetic susceptibility coincide 
with siderite occurrences, whereas  less prominent peaks 
can be related to silty or sandy beds (Fig. 5). Table 1 shows 

Hammer et al. (this volume) observed indications of c. 
400 kyr periodicity in the δ13Corg curves in this interval, 
but such cycles were not identified by the mineralogi-
cal analyses. The upper part, from the Dorsoplanites (27 
m) to the Myklegardfjellet beds, hosts most of the car-
bonates, as well as thin, fine-grained sandstones. Both 
the lower and the upper parts of the Slottsmøya Member 
at Janusfjellet contain more sand compared to the mid-
dle part. Rocks are covered by a yellow to reddish coat-
ing which has variously been identified as  jarosite (or 
gypsum ) or weathered siderite.

Vertebrate fossils found within the section consist almost 
exclusively of plesiosaur and ichthyosaur remains and are 
mostly recorded between 0 and 27 m (i.e., the  middle 
part; Knutsen 2011, pers. comm.). The log  shows only 
the occurrence and not the abundance of these fossils . 
Bivalves (mainly Buchia spp.), ammonites (includ-
ing Dorsoplanites spp.) and crinoids (Chariocrinus sp., 
Rousseau  & Nakrem 2012, this volume) are common 
throughout the section but occur mainly on the sur-
faces of the sandy/silty or sideritic beds. Some moulds 
of shells have also been observed within the shales but 
are rare. The fossils found in the Slottsmøya Member  
are somewhat flattened while those in the over lying 
Rurikfjellet Formation reveal a  more three-dimen-
sional form.  Radiolarians , foraminifera and more rarely 
gastro pods were observed in thin-sections, and identi-
fication at genus level was possible for foraminifera, 
including Lenticulina, Trochammina, Glomospira, Textu-
laria and Ammodiscus (Gradstein 2011, pers. comm.). 
Agglutinated foraminifera are found preferentially in 
shales and silty beds, and calcareous forms have been 
recorded exclusively in the upper part within dolomite 
and calcare ous concretions. Here they dominate over the 
agglutinated forms. 

Table 1: r (below the 0-diagonal) and p-values (above the 0-diagonal) for linear correlations 
between minerals, magnetic susceptibility and Fe (without concretions, n=26).
Magn. 
susc. Fe Ill/Sme Ill-Mca Kln Chl Qtz Kfs Pl Cal Dol Sd Ank Fl-Ap Py

Magn. susc. 0 0,00 0,02 0,01 0,66 0,01 0,00 0,13 0,00 0,66 0,96 0,00 0,12 0,04 0,76

Fe 0,91 0 0,02 0,01 0,85 0,01 0,00 0,09 0,00 0,71 0,84 0,00 0,06 0,82 0,84

Ill/Sme -0,45 -0,46 0 0,08 0,53 0,08 0,01 0,20 0,07 0,48 0,20 0,02 0,60 0,50 0,25

Ill-Mca -0,53 -0,52 0,35 0 0,00 0,00 0,06 0,02 0,11 0,24 0,26 0,01 0,19 0,36 0,59

Kln -0,09 -0,04 0,13 0,63 0 0,00 0,99 0,58 0,81 0,33 0,13 0,70 0,86 0,40 0,53

Chl -0,53 -0,52 0,35 0,71 0,63 0 0,01 0,16 0,08 0,19 0,04 0,01 0,11 0,17 0,98

Qtz -0,78 -0,74 0,51 0,37 0,00 0,52 0 0,11 0,00 0,05 0,56 0,00 0,30 0,22 0,69

Kfs -0,31 -0,33 0,26 0,47 0,11 0,29 0,32 0 0,23 0,11 0,60 0,11 0,43 0,50 0,78

Pl -0,71 -0,62 0,36 0,33 0,05 0,35 0,83 0,25 0 0,26 0,42 0,00 0,91 0,11 0,33

Cal -0,09 -0,08 -0,15 -0,24 -0,20 -0,27 -0,39 -0,32 -0,23 0 0,59 0,58 0,60 0,68 0,23

Dol -0,01 0,04 -0,26 -0,23 -0,31 -0,41 -0,12 -0,11 -0,17 -0,11 0 0,99 0,71 0,40 0,13

Sd 0,99 0,93 -0,44 -0,52 -0,08 -0,51 -0,77 -0,32 -0,72 -0,11 0,00 0 0,08 0,09 0,81

Ank 0,31 0,38 -0,11 -0,27 -0,04 -0,32 -0,21 -0,16 -0,02 -0,11 0,08 0,35 0 0,60 0,24

Fl-Ap 0,40 0,05 -0,14 -0,19 -0,17 -0,28 -0,25 -0,14 -0,32 -0,08 0,17 0,34 -0,11 0 0,59

Py 0,06 0,04 -0,24 -0,11 -0,13 0,01 -0,08 -0,06 -0,20 -0,25 0,30 0,05 -0,24 0,11 0
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component (up to 32% in one sample). However, both 
jarosite and gypsum are most likely weathering products 
and are considered as relatively recent, secondary miner-
als. Gypsum and jarosite were therefore not included in 
the figure. 

The main minerals in the shales are quartz, feldspars 
and clay minerals. Plagioclase dominates over potassium 
feldspar. Pyrite is common within the shale throughout 
the section. Carbonate cement represents less than 30% 
of the mineralogy in the shales and is mainly present as 
dolomite and siderite. Siltstones and sandstones occur-
ring within the section show a high carbonate content 
(Figs. 4 and 6). Concretions in the upper part of the sec-
tion consist mainly  of siderite or calcite. Dolomite con-
cretions also appear in the uppermost five metres of the 
section in association with calcareous concretions. The 
lower and middle parts (up to the Dorsoplanites bed, 
27 m) are more dolomitic, in opposition to the upper 
part which contains more siderite. This segregation of 

correlations between magnetic susceptibility and the 
main minerals, as well as iron which is one of the main 
elements affecting magnetic susceptibility. Magnetic sus-
ceptibility is positively and strongly correlated with iron, 
and nearly perfectly with siderite. It is strongly negatively 
correlated with clay minerals, quartz and plagio clase. The 
correlation between minerals and magnetic susceptibility 
can be studied by the resistance of the minerals to their 
separation by magnetic separators (Rosenblum & Brown-
field 1999). Magnetite and siderite have strong magnetic 
susceptibilities, whilst the susceptibility of quartz is very 
low. However, sandy beds can give a peak in susceptibility 
due to their possible association with ferromagnetic min-
erals such as hematite or magnetite.

Bulk mineralogy and petrography

The results of XRD analysis are shown in Figure 6. Gyp-
sum, and to a lesser extent jarosite, occur in nearly all the 
shale samples, and can even for some of them be a major 
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(from XRD results).
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sparitic  crystals (Fig. 7a). Original structures such as 
bioturbation (burrow traces) or planar laminations 
are preserved . Using a slide scanner on thin-sections, a 
quanti fication of bioturbation was established, showing 
an increase from 10-20% to 70-80% in the upper part 
of the section. Some of the concretions show two differ-
ent crystal  sizes. Burrows are filled with rather smaller 
crystals  than the rest of the concretions (Fig.7a).

The uppermost part is dominated by calcareous and 
dolomite concretions, defined as muddy micrite with 
bioclasts and glauconite (Mount 1985). These concre-
tions contain up to 40% bioclasts.

Grain-size parameters and maturity of sediments

Information about grain size was obtained by thin- 
section observation, as well as the use of specific ratios 
(Fig. 8). The (quartz + feldspar)/total clay minerals ratio, 

carbonates in the Upper Jurassic of Central Spitsbergen 
has  already been recorded by many authors (e.g., Dypvik 
1978, Krajewski 2004). 

Observations under the microscope of both carbon-
ate concretions and beds show that they have a diage-
netic origin. The carbonates are formed of sparitic crys-
tals, showing no specific orientation. Moreover, δ13Ccarb 
ana lyses on carbonate concretions from the same strati-
graphic level at Knorringfjellet, c. 10 km further east 
(Fig. 1), record values between -10 and -22 ‰VPDB, 
indicating a diagenetic origin (Hammer et al. 2012, this 
volume). The carbonate beds constituting the three 
main levels of reference within the section (i.e., the 
yellow  marker at 0 m, the Dorsoplanites bed at 27 m and 
the side ritic bed at 39 m) are made up of microsparite 
with rare coarse clasts of quartz (less than 2%) and con-
tain mainly siderite (Fig. 7b). The other siderite concre-
tions, forming disconnected beds, are formed by coarser 
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Feldspar is less resistant than quartz to both weather-
ing and mechanical erosion, and is therefore transported 
over smaller distances. Variations in the quartz/feldspars 
ratio can therefore reflect changes in the distance from 
basin to source (maturity of sediments). Figure 8 shows 
the Qtz/Felds ratio, based on XRD results, along the pro-
file.

Element geochemistry

Table 2 presents the calculated average concentrations 
of the main elements for the complete Slottsmøya Mem-
ber compared to those found in the literature. Phospho-
rus and TOC have also been studied as indicators of both 
sedimentation rate and productivity (Fig. 9).

Several element ratios were tested as proxies for paleo-
redox conditions but no correlation was found between 
them. The Ni/ (Ni+V) ratio appeared to be the most reli-
able indicator. Ni/(Ni+V) can give an indirect measure-
ment of the quality of the organic matter . Vanadium 
tends to be higher compared to nickel in organic matter 
deposited under anoxic conditions (Lewan 1984). The 
limit for the Ni/(Ni+V) ratio between oxic and dysoxic 
environments is at 0.26, with Ni/(Ni+V) > 0.26 inferred 
to imply a more oxic proximal environment (Isaksen & 
Bohacs 1995). No major trend is seen in the Ni/(Ni+V) 
ratio for the middle part, where samp ling density is high-
est, despite strong variability (Fig. 9). A slight increase 
in the lower part, as well as a decrease in the upper part 
can be also observed. However, only a few measure-
ments were carried out in those two parts. The values 
for Ni/(Ni+V) reflect dysoxic-oxic boundary conditions 
(Jones & Manning 1994; Isaksen & Bohacs 1995). Values 

obtained from XRD analysis, can be used as a proxy for 
grain size. Usually, an increase in the amount of clay 
minerals coincides with a general reduction in grain size, 
and conversely an increase in the quartz-feldspar content 
reflects an increase in average grain size. Both plagioclase 
and potassium feldspar are taken into account.

Al2O3 is related primarily to clay minerals, and to a lesser 
extent to feldspars (Bjørlykke 1974), whilst the SiO2 con-
tent is high in quartz-bearing sediments. Therefore, the 
SiO2/Al2O3 ratio reflects mainly grain-size variation, with 
the highest values in the quartz-bearing sediments. The 
Pearson correlation coefficient between SiO2/Al2O3 and 
(Qtz+Felds)/ total clay minerals is 0.56 (N=48), which 
can be considered as reasonably good.

The SiO2/Al2O3 and especially the (Qtz+Felds)/Total 
clay minerals ratios (Fig. 8) show strong variations. A 
four-point adjacent averaging method was performed 
in order to obtain a global and readable trend. Based on 
the (Qtz+Felds)/Total clay minerals ratio, the Slottsmøya 
Member shows an overall fining-upward trend until c. 42 
m, slightly above the sideritic bed at c. 39 m. The very 
top of the section tends to coarsen upward, but only a 
few measurements were carried out in this part. Looking 
in more detail, there is a first visible fining upward from 
the base to c. -5 m, and a second one between the Dorso-
planites (27 m) and the sideritic bed at c. 39 m. The inter-
val in between seems rather constant. However, a slight 
fining upwards can be observed and the interval from c. 
-5 m to c. -1.4 m also records higher variations, with a 
peak at ca. -1.4 m. These trends are not really seen in the 
SiO2/Al2O3 curve, except in the uppermost part where a 
clear coarsening upward can be observed.
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Figure 9. P, TOC and redox variations through the Slottsmøya Member (from ICP-MS and TOC analyses).
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up of micro-sparitic crystals, indicating rather late diage-
netic growth. Compaction is a function of burial depth, 
but is also greatly influenced by primary lithology, e.g., 
for the  same depth, sand would have a higher porosity 
than clay. It seems likely that some siderite may have pre-
cipitated at rather shallow depth within shales, but most 
at greater depths in sands, allowing fluid circulation due 
to the higher permeability. Moreover, siderite  probably 
did not precipitate until after the onset of methane gen-
eration (Gautier 1982). This requirement, as well as the 
thickness of the beds, favours the hypothesis of sider-
ite crystallising preferentially within coarser sediments. 
The relationship between grain size and siderite precipi-
tation is well shown in the beds, contrary to the concre-
tions. Nevertheless, the siderite concretions mainly occur 
in the uppermost part, where a coarsening upward has 
been observed.

An increase in bioturbation based on burrow traces was 
recorded in the upper part of the section (above c. 39 m). 
This occurs together with glauconite and a change in 
the foraminiferan fauna. The foraminiferan assemblage 
is dominated by calcareous species, while further down 
in the section, below the sideritic bed at c. 39 m, it con-
sists mainly of agglutinated types. The section between 
48 and 52 m (Myklegardfjellet Bed), however, is only 
documented by field observations for this study, but 
data can be found in the literature (e.g., Kalleson 1998, 
Dypvik et al. 2006, and references therein). Kalleson 
(1998) also recorded a coarsening upward in the upper-
most Slottsmøya Member as well as a change in kerogen 
type from type II to type IV (from c. 45 m to top). Type 
IV kerogen (vitrinite and inertinite group) is considered 
to be more characteristic of highly proximal shelf facies, 
whilst Type II kerogen is related to a more marginal shelf 
(Durand 1980, Tyson 1993, Jones 1996). In view of these 
observations, the uppermost part of the section can be 
interpreted as reflecting a reduced distance to the shore-
line (see also Dypvik et al. 1992).
 
Based on taphonomic and ecological evidence, Rous-
seau & Nakrem (2012, this volume) have demonstrated 
that some of the species (crinoid, echinoid) were trans-
ported whereas others (asteroid, ophiuroids) appear to 
be found in situ, and that the depositional event bringing 

obtained for Th/U tend to indicate a rather more oxic 
proximal environment (Adams & Weaver 1958).  Both 
P and TOC curves show a general increase in the upper 
part of the section (above 20 m). Two major peaks can be 
observed in both curves: the most prominent one at c. 42 
m and a lesser peak  at c. 12 m.

Discussion

Depositional environment

The Slottsmøya Member consists mainly  of grey shales, 
recording an average value for Th/U of c. 3, typical of 
marine green-grey shales (Adams & Weaver 1958). The 
foraminifera identified in thin-sections reflect an inner 
to middle shelf environment, i.e., the  offshore transition 
(Gradstein 2011, pers. comm.). 

Both the (quartz+feldspars)/(total clay minerals) and 
the SiO2/Al2O3 ratios show positive excursions indicat-
ing coarser beds, most prominently the yellow marker 
and the Dorsoplanites beds. Table 1 shows that siderite 
correlates negatively with all other minerals. We inter-
pret this as a volumetric dilution effect of the siderite 
cement. However, there is a good correlation between 
siderite and the SiO2/Al2O3 ratio, whereas no correla-
tion can be established between siderite and TOC or 
pyrite (table 3). This indicates that siderite is associated 
with coarser sediments. It seems most likely that sider-
ite crystallised in the coarser grained sediments where 
permeability would have been higher. Most of the sid-
erite was found in beds at specific levels, where it con-
stituted the main component (up to 90% of the mineral 
phase), but also in shales as a minor component of the 
cement phase (less than 10%). The sideritic beds are built 

Table 2: Average element contents  of shales 
from the Slottsmøya Member, 
compared to literature values. 

Element Average a, b 
shale

Average c  
black shale

Slottsmøya 
(n=27)

Ni (ppm) 68 50 60

Cr (ppm) 90 100 203

Co (ppm) 19 10 11

V (ppm) 130 150 158

U (ppm) 4 4

Th (ppm) 12 13

Ba (ppm) 558

P (%) 0,07

TOC (%) 2,6
a  Average shale data from Wedepohl (1971).
b U and Th data for average shale from Adams and Weaver (1958).
c  Average black shale data from Vine and Tourtelot (1970).

Table 3: Correlation between grain-size proxy,  
minerals and TOC. r below the 
diagonal and p-values above.  
Without concretions (n=26).

TOC Pyrite Siderite SiO2/Al2O3

TOC 0,79 0,59 0,85

Pyrite -0,07 0,62 0,34

Siderite -0,14 0,11 <0.05

SiO2/Al2O3 -0,05 0,20 0,84
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The Ni/(Ni+V) ratio together with the numerous 
remains of vertebrate fossils as well as the fine-grained 
nature of the sediments imply dysoxic conditions for the 
shales of the Slottsmøya Member. The scarcity of macro-
invertebrate body fossils in the shales could even indi-
cate quasi-anaerobic to exaerobic facies (Savrda & Bot-
tjer, 1991). The values for more oxic conditions occur 
together with the reworked silty/sandy beds, suggesting 
that a sudden influx of sediments into the basin could 
have oxygenated the sea bottom. 

Sedimentation rate

The ICP-MS and XRD analyses show  an enrichment of 
phosphorus between 39 and 43 m with a maximum value 
at c. 42 m (Fig. 9), nearly ten times higher than the aver-
age value calculated for the Slottsmøya Member (Table 
2). Fluorapatite was identified by XRD analysis at 42-43 
m and 39 m (Fig. 6).

For marine phosphate deposits to occur, sediment-
ation must proceed very slowly, with virtually no clas-
tic sediment ation. Phosphate beds are found in associ-
ation with major or minor breaks in sedimentation, or 
with periods of very low rates of sedimentation. In the 
geological  record, extensive phosphate beds are found 
associated with transgressions (Bjørlykke 2010). The 
phosphate deposit recorded at c. 42 m occurs together 
with a high TOC value, a minimum grain size, and maxi-
mum clay content (Figs. 6 and 8). Multiply burrowed 
siderite  concretions have been recorded at the same level 
within paper shales. These elements together are in good 
agreement with the definition of a condensed section.

Condensed sections are defined as thin, marine, strati-
graphic units of pelagic to hemipelagic sediments, char-
acterised by very low sedimentation rates. They com-
monly occur as thin but continuous zones of burrowed, 
slightly lithified beds or marine hardgrounds, and may 
be characterised by authigenic minerals (glauconite, 
phosphorite and siderite) and organic matter (Loutit et 
al. 1988). Thin-sections from this interval come from 
siderite concretions, and therefore information about 
glauconite as well as the abundance and/or diversity of 
microfossil assemblages is lacking. However, Kalleson 
(1998) recorded the presence of glauconite at this level.

Glauconite and abundant calcareous foraminifera were 
recorded farther up in the section (48 m), in associa-
tion with a coarser grain size and higher quartz con-
tent, and are not thought to be directly associated with 
the condensed section, but rather with the following pro-
gradation. Moreover, the condensed section occurs at 
the hydrocarbon seep level (c. 41-45 m), where a gap in 
the stratigraphic column has been recorded at the Vol-
gian-Ryazanian boundary, based on ammonites. The Tai-
myrensis zone from the Late Volgian is basically miss-
ing, and only one, poorly preserved ammonite (Hec-
toroceras (Shulginites) sp.) has been found in this zone. 

shell fragments to deeper waters was fast, allowing the 
preservation of some species (e.g., asteroids). The flat-
tened macro-invertebrates found within sandy beds all 
lay on the top surfaces. These beds are interpreted as rep-
resenting sudden events (storms or turbiditic currents). 
However, no graded bedding or HCS has been observed, 
perhaps due to the homogeneous, fine-grained nature of 
the sediments, as well as the small thickness of the beds 
(a few cm only). The crystallisation of carbonates during 
the diagenesis also renders the interpretation difficult.

Redox conditions

Based on lithological and mineralogical evidence, it 
seems that Ni/(Ni+V) is the most reliable indicator 
to reflect the paleoredox conditions. Thorium can be 
affected by diagenetic processes and this might explain 
the high values for the Th/U ratio, as well as the absence 
of correlation with Ni/(Ni+V). The Ni/(Ni+V) ratio 
shows a peak in the upper part, just below the Dorso-
planites bed (Fig. 9), indicating a change to a more oxic 
proximal environment. The uppermost three points in 
the curves represent carbonate samples and should be 
carefully interpreted, because chemical elements have 
different behaviours in shales compared to carbonates.

At both the ‘yellow marker’ and the Dorsoplanites bed 
levels, interpreted to be reworked sediments based on 
mineralogical and palaeontological evidence, the Ni/
(Ni+V) ratio shows higher values, indicating more oxic 
conditions. Shifts toward more oxic conditions can, in 
most of the cases, be related to the silty/sandy beds. Con-
versely, considering the smoothed (red) curve in Fig. 9, 
we can observe a clear dip in the Ni/(Ni+V) ratio start-
ing at c. -1 m and continuing to 16 m, with a minimum 
around 5 m. Furthermore, both Cr and Ni are enriched 
relative to the different average shales (i.e., grey, black 
and Slottsmøya) at c 7.5 m (Table 4). Ni is thought to be 
enriched in dysoxic and anoxic sediments. From these 
results it seems probable that the most dysoxic or even 
anoxic conditions were present at c. 7.5 m (+/-2 m). 

The interval above the Dorsoplanites bed (27-42 m) is not 
documented with high resolution in this study, but Kalle-
son (1998) recorded a distal anoxic environment with 
little variation, which is consistent with both lithology 
(lami nated paper shales) and grain size (slightly decreas-
ing). The redox indicator (Fig. 9) seems to show a signifi-
cant change above c. 42 m, but the data coming from car-
bonate concretions are difficult to interpret. Nevertheless, 
the drop in Ni, Co, Cr and V values together with high 
Mn values (up to 1000 ppm) suggest a shift toward a more 
oxic proximal environment for that part of the section 
(Table 4). Sediments deposited in reducing environments 
would be characterised by low manganese contents , 
while more oxidised sediments may have generally much 
higher values (Bjørlykke 1974). The more oxic character 
of the upper part (above 39 m) has also been described by 
Kalleson (1998) and Dypvik et al. (1992).
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The recognition of a condensed section gives informa-
tion about depositional sequences and water depth. On 
continental margins, condensed sections are commonly 
formed during periods of low sedimentation rates, as a 
result of a relative sea-level rise and abrupt transgres-
sion of the shoreline. In general, condensed sections are 
associated with maximum water depths during a depo-
sitional sequence (Loutit et al. 1988). The recognition of 
this kind of surface is therefore of particular interest for 
sequence stratigraphy.

It would seem most likely that both the Chetae (latest 
Volgian) and the Maynci-Sibiricus (earliest Ryazanian) 
zones are also absent, or at least ill-defined. A hiatus  
near the Volgian -Ryazanian boundary, where the two 
last ammonite  zones of the Volgian and the first of the 
Ryazanian  would be missing, is then proposed (Wierz-
bowski et al. 2011). The geological evidence thus records 
a condensed section between c. 39 m and 43 m, with the 
strongest signal at c. 42 m, together with a hiatus span-
ning the Volgian-Ryazanian boundary.

Table 4: Evolution of some chemical elements through the Slottsmøya Member. 

Analyte Symbol Position in log Ni Cr Co V Mn

Unit Symbol m ppm ppm ppm ppm ppm

Detection Limit 10 30 0.2 5 3

Analysis Method FUS-MS-Na2O2 FUS-MS-Na2O2 FUS-MS-Na2O2 FUS-MS-Na2O2 FUS-MS-Na2O2

J18 48 10 < 30 2.2 79 283

J12 42 20 40 4.1 86 866

J9 41.8 90 60 4.5 92 967

SA35 27.2 90 110 14.7 120 1040

SA34 26.6 60 180 10.6 170 94

SA31 23.2 30 160 7.9 176 105

SA2 20.4 40 240 5.9 171 78

SA6 16.5 70 110 10.4 120 820

SA7 15.5 90 170 11.8 147 141

SA8 14.5 60 180 9.8 145 130

SA9 13.5 110 180 14.9 164 213

SA10 12.5 40 180 7.7 177 100

SA11 11.5 110 210 16.2 185 238

SA12 10.5 30 230 6.1 195 79

SA13 9.5 90 180 12.9 176 142

SA14 8.6 20 170 6.9 187 87

SA15 7.5 150 980 17.1 161 516

SA16 6.5 30 150 9.2 160 98

SA17 5.5 40 170 4.2 187 72

SA18 4.5 30 150 7.9 167 91

SA18-2 3.7 110 110 20.7 176 596

SA19 3.5 10 150 15.9 169 420

SA20 2.4 60 380 10.5 153 147

SA21 1.4 60 170 10.3 175 156

O1 0 30 60 4.3 71 421

O2 -1.4 70 210 15.2 172 193

O3 -2.5 80 320 12.8 148 139

O4 -4 30 130 7.3 154 97

O5 -5 50 120 8.5 141 330

O13A -21.2 30 80 5.9 108 69
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Conclusions

The shales from the Slottsmøya Member were deposited 
on a slightly dysoxic shelf with periodic oxygenation of 
the sea bottom, thought to be related to sudden incom-
ing of more clastic reworked sediments. These siltstones 
to very fine sandstones are interpreted as sudden events 
(e.g., turbidites or storm deposists). Analyses indicate a 
net coarsening upward in the uppermost part of the sec-
tion, as well as a phosphorus level at c. 42 m, interpreted 
as a condensed section. This condensed section occurs 
at the seep level where a hiatus at the Volgian-Ryazanian 
has been recorded.
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