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[1] The Late Jurassic to Early Cretaceous (Volgian-Ryazanian) was a period of a second-order sea-level low
stand, and it provided excellent conditions for the formation of shallow marine black shales in the Norwegian-
Greenland Seaway (NGS). IKU Petroleum Research drilling cores taken offshore along the Norwegian shelf
were investigated with geochemical and microscopic approaches to (1) determine the composition of the organic
matter, (2) characterize the depositional environments, and (3) discuss the mechanisms which may have
controlled production, accumulation, and preservation of the organic matter. The black shale sequences show a
wide range of organic carbon contents (0.5—7.0 wt %) and consist of thermally immature organic matter of type
II to II/III kerogen. Rock-Eval pyrolysis revealed fair to very good petroleum source rock potential, suggesting a
deposition in restricted shallow marine basins. Well-developed lamination and the formation of autochthonous
pyrite framboids further indicate suboxic to anoxic bottom water conditions. In combination with very low
sedimentation rates it seems likely that preservation was the principal control on organic matter accumulation.
However, a decrease of organic carbon preservation and an increase of refractory organic matter from the
Volgian to the Hauterivian are superimposed on short-term variations (probably reflecting Milankovitch cycles).
Various parameters indicate that black shale formation in the NGS was gradually terminated by increased
oxidative conditions in the course of a sea-level rise. ~ INDEX TERMS: 1055 Geochemistry: Organic geochemistry; 4802
Oceanography: Biological and Chemical: Anoxic environments; 9609 Information Related to Geologic Time: Mesozoic; 8105
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1987]. Two principal models have been under controver-
sial discussion during the past three decades: (1) ocean-
wide episodes of “stagnation” in restricted stratified basin
similar to the Black Sea, and (2) an increased primary
production which causes oxygen minimum zones that
impinge on the seafloor and thereby limit the reminerali-
zation of organic matter on the seafloor [e.g., Pedersen
and Calvert, 1990; Caplan and Bustin, 1998; Saelen et al.,
2000; Nijenhuis et al., 1999; RGhl et al., 2001]. An
increased supply of terrigenous organic matter may also
be an important mechanism for the accumulation of
organic carbon in marine sediments [e.g., Stein et al.,
1986]. However, many of the these studies are derived
from the “middle” Cretaceous low-latitudinal North Atlan-
tic where black shale formation is associated with a
relatively high sea level. Because the oil and gas reservoirs
of the North Sea were generated in the late Jurassic much
attention has more recently been focussed on the Jurassic-
Cretaceous boundary. In contrast to the “middle” Creta-

1. Introduction

[2] High primary production of coastal waters, a strati-
fied water column, anoxic bottom waters, low influx of
clastic material (low dilution), and high supply of terres-
trial organic matter may promote the formation of organic
carbon-rich sediments [e.g., Calvert and Petersen, 1992;
Meyers, 1997, Hallam, 1987; Schlanger and Jenkyns,
1976]. Favorable conditions for the formation of argilla-
ceous, organic carbon-rich sedimentary rocks, the so-called
black shales, are most known from the mid-Cretaceous
where most of our present-day petroleum reserves were
generated [e.g., Larson, 1991, and references therein].
Widespread formation of black shales is reported from
the Aptian/Albian and Cenomanian/Turonian and is asso-
ciated with “oceanic anoxic events” (OAEs) [e.g., Arthur
et al., 1987; Larson, 1991; Sinninghe Damsté and Koster,
1998; Schlanger et al., 1987; Bralower and Thierstein,
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ceous the Jurassic-Cretaceous boundary was characterized
by very low North Atlantic spreading rates, which caused a
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Figure 1. Paleogeographic situation of the Norwegian-Greenland Seaway and surrounding continental
masses in the Ryazanian (middle to late Berriasian) (modified after Ziegler [1988]. Core locations are
shown relative to the modern coast line (outlines of Norway) and indicated by the asterisk. Paleolatitudes
are taken from Mutterlose et al. [2003]. Abbreviations are as follows: IM, Irish Massif, KH, Kara High;
LH, Lomonossov High; MP, Moscow Platform; RBM, Rhenish Bohemian Massif; RHB, Rockall-Hatton
Bank; TP, Timan Pechora Area; WSB, West Siberian Basin; NGS, Norwegian-Greenland Seaway; SEP,

Southeastern Passage.

second-order sea-level low stand [e.g., Haq et al., 1988]
and formed a large number of restricted marine environ-
ments [e.g., Ziegler, 1988; Hardenbol et al., 1998]. During
this time the only direct connection between the North
Atlantic and the proto-Arctic Ocean was a narrow and
shallow marine passage between Greenland and Fenno-
scandia, which was more than 1500 km long and only 200
to 300 km wide, the Norwegian-Greenland Seaway [e.g.,
Ziegler, 1988; Doré, 1991; Hay et al., 1999; Mutterlose et
al., 2003; Brekke et al., 1999] (Figure 1). The paleogeo-
graphic and paleoceanographic situation along the margins
of this seaway provided excellent conditions for the
formation of black shales, which became eventually pe-
troleum source rocks, e.g., the Hekkingen and Spekk
formations exposed along the Norwegian shelf and the
adjacent Barents Sea [e.g., Arhus et al., 1987, Worsley et
al., 1988; Bugge et al., 1989; Arhus, 1991; Leith et al.,
1992; Smelror et al., 1998, 2001a; Bugge et al., 2002;
Mutterlose et al., 2003]. The high petroleum generative
potential of these late Jurassic to early Cretaceous sequen-
ces is also supported by our data (Table 1) [see Peters,
1986]. Therefore the Norwegian-Greenland Seaway (NGS)
provides rare opportunity to investigate the formation of

black shales during times of sea-level low stand and really
high northern paleolatitudes.

2. Material and Analytical Approach

[3] We investigated 257 samples from 3 sediment cores
drilled offshore of southern and middle Norway (Figure 1).
The cores were initially collected and described by Sintef
Petroleum Research (former IKU) during economic shal-
low drilling projects in the late 1980s [e.g., Arhus et al.,
1987; Rokoengen et al., 1988; Bugge et al., 1989; Hansen
et al., 1991; Leith et al., 1992]. The southernmost drilling
hole 13/1-U-02 is located 57°48'N and 08°12'E in the
western Skagerrak. Hole 6307/07-U-02 is located 63°27'N
and 07°14°E in the southern part of the Hitra Basin (off
Smela Island), and hole 6814/04-U-02 is located 68°39'N
and 14°09'E in the northern part of the Ribban Basin (off
the Lofoten Islands). We sampled the entire cores with a
spacing between 100 and 200 cm representing time
intervals of about 100 to 500 ka.

[4] Total carbon (TC), total nitrogen (TN) and total sulfur
(TS) contents were analyzed on homogenized samples using
LECO elemental analyzers. The organic carbon content
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Table 1. Average Values of Bulk Parameters From Organic and Inorganic Geochemical Analysis and Rock-Eval Pyrolysis for Major

Time Intervals®

Depth, TC, TN, TS, CaCOs;, Fe 03, TOC, Tymaxs Source Rock
Core mbsf Interval  wt% wt% wt% wt% wt% wt% HI° OI° °C  S1¢ $2¢ s3¢ $2/83 PI Potential

6814/04-U-02

7-39 Barremian 340 0.15 1.0 8.0 9.0 240 58 48 436 0.1 15 1.2 2.1 0.07 poor/fair

39-44  late Hauterivian 1.70 0.04 3.6 13.9 6.0 0.10 77 292 494 0.0 0.1 0.2 0.1 0.08 none

44-70  Valanginian 1.90 0.06 29 10.8 6.6 060 112 98 460 0.1 0.6 04 1.9 0.11 none

70-89  Ryazanian 2.10 0.12 23 4.1 5.0 1.60 100 90 423 0.1 19 1.2 1.7 0.05 fair

89—-136 late Volgian 430 0.19 3.9 11.6 7.6 290 187 35 430 03 59 09 8.7 0.04 fair/good

136—167 middle Volgian 4.80 0.22 3.9 10.8 75 350 219 25 429 04 7.6 09 19.0 0.04 good/very good

167191 early Volgian 3.70 0.20 3.5 8.4 54 270 247 22 425 03 6.5 0.6 164 0.05 good/very good
6307/07-U-02

13-34  Valanginian 320 0.04 1.8 15.7 78 040 56 152 410 02 0.8 09 0.7 0.17 poor

34-50 Ryazanian 470 0.15 43 2.8 64 270 275 66 413 03 88 1.5 49 0.05 good

50-62 late Volgian 6.30 021 33 0.8 4.0 430 348 49 409 0.7 146 2.0 7.3 0.05 very good

62—-74  middle Volgian 6.30 0.19 4.5 1.9 54 390 371 62 406 0.6 142 24 6.1 0.04 very good

74—105 early Volgian 6.80 0.18 5.4 2.8 6.1 420 373 99 407 0.8 16.0 1.9 85 0.05 very good
13/1-U-02

118-145 late Volgian 140 0.05 1.0 4.5 54 080 44 79 421 0.1 04 06 1.5 0.20 poor

145-152 middle Volgian 0.80 0.04 0.5 3.6 8.7 0.30 6 x 367 0.0 00 0.0 00 0.56 poor

152-208 early Volgian 1.80 0.05 1.0 9.4 65 070 10 68 381 0.1 0.1 04 0.2 0.56 poor

“Estimates of source rock potential according to Espitalié et al. [1977] and Peters [1986].

"Unit of measure, mg HC/g TOC.
“Unit of measure, mg CO2/g.
9Unit of measure, mg HC/g rock.

(TOC) was determined after carbonate was removed from the
samples by hydrochloric acid. The carbonate content was
determined by inorganic CaO measurements with a CM-
5012-CO, coulometer [e.g., Huffmann, 1977; Engleman et
al., 1985] and expressed as CaCOj3. To evaluate the repro-
ducibility of carbon and organic carbon data, duplicates were
measured routinely. Fe,05, Al,O3 and Zr were measured by
XRF analysis using a Philips PW 2400 analyzer. The amount
of reactive iron was calculated using the empirical formula
Fereactive = Fe — 0.25 * Al (wt %). TOC-Fe-S relationships
were used to estimate the depositional conditions [e.g.,
Brumsack, 1988; Dean and Arthur, 1989; Liickge et al.,
1996; Hofmann et al., 2000], whereas Zr/Al ratios describe
changes of the relative distance to the paleoshore because
high Zr/Al ratios usually indicate an increased aeolian input
and the proximity to the land [e.g., Hinrichs et al., 2001]. In
normal marine sediments the C/N ratio may improve the
differentiation between terrestrial and marine organic matter,
where a high ratio indicates a more terrestrial signal [e.g.,
Meyers, 1997, and references therein]. However, in many
fossil sediments, especially under anoxic conditions, C/N
ratios are often reported to show remarkable exceptions from
this “rule” [e.g., Rau et al., 1987; Liiniger and Schwark,
2002; Twichell et al., 2002]. Moreover, Langrock et al.
[2003] demonstrate that in late Jurassic algae-rich sapropels
from the Barents Sea high C/N ratios may indicate a high
degree of bottom water anoxia.

[s] Stable carbon isotopes of bulk organic carbon (613C0rg)
was measured on de-carbonated samples from core 6307/07-
U2 and 6814/04-U2. Samples were analyzed by high-tem-
perature combustion in a Heraeus CHN elemental analyzer
connected to a Finnigan MAT Delta S isotope ratio mass-
spectrometer [see Fry et al., 1992]. The isotopic composition
is reported as d-values [in %o] relative to the international
Vienna PDB standard [Coplen, 1995]. The analytical repro-
ducibility based on replicate analyses was better than +0.2%o.

[6] Kerogen typing, determination of source rock genera-
tive potential and organic matter (OM) maturity were con-
ducted according to Espitalié et al. [1977] and Peters [1986]
using a Rock-Eval II (plus S3 unit). The hydrogen index (HI)
was calculated from the amount of pyrolyzable hydrocarbons
(S2 value) based on the TOC content, and the oxygen index
(OI) was calculated from the amount of associated carbon
dioxide (S3 value) on the basis of the TOC content. Indices
were used in a HI/OI diagram to estimate kerogen types
(I-1V), their potential sources and thermal maturity [c.f.
Espitalié et al, 1977; Peters, 1986]. The alternative presen-
tation of S2 values against TOC contents is an additional
kerogen type determination to avoid mineral matrix effects
and to estimate the amount of “dead” (inert) organic carbon
[e.g., Langford and Blanc-Valleron, 1990; Horsfield et al.,
1994; Cornford et al., 1998; Liiniger and Schwark, 2002].
However, the kerogen type classification is only a rough
estimate that depends on composition, preservation and
thermal maturity of the organic matter. Hence interpretation
is difficult without invoking other parameters such as maceral
data obtained by petrographic studies.

[7]1 Consequently, reflected light microscopy was per-
formed on polished blocks of rock and kerogen isolates
using a Zeiss Axiophot equipped with normal white and
ultraviolet light. The organic matter composition was deter-
mined by point-counting maceral analysis following largely
the ICCP nomenclature described in the work of Taylor et
al. [1998]. In this paper we summarized the observed
macerals into vitrinite, inertinite, terrigenous liptinite and
marine-aquatic liptinite. Particles less than 5 um in size and
small nonspecific fragments were given the suffix detrinite,
e.g., liptodetrinite. Microscopic imaging was performed
with a Zeiss Axiocam digital video camera.

[8] To estimate the level of oxygenation in the water
column we performed a pyrite size distribution analysis
using incident white light [c.f. Wilkin et al., 1996, 1997].
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Figure 2. Lithostratigraphic correlation between the investigated cores [after Arhus et al., 1987;
Rokoengen et al., 1988; Mutterlose et al., 2003] using the ages of Hardenbol et al. [1998]. The
lithological units are also displayed by their regional terminology, usually given fish names, e.g., the
Hekkingen Formation. Note the differences in sedimentation rate from south to north. Abbreviations are
as follows: Kimm., Kimmeridgian; eV, early; mV, middle Volgian; 1V, late Volgian; Ry, Ryazanian.

We determined the amount and diameters of total pyrite,
pyrite framboids, and idiomorphic crystals on 10 represent-
ative samples counting at least 100 grains each.

3. Lithology and Stratigraphy

[o] The Late Jurassic to Early Cretaceous sedimentary
successions of the Norwegian-Greenland Seaway (NGS)
were described by several authors [e.g., Arhus et al., 1987;
Rokoengen et al., 1988; Worsley et al., 1988; Bugge et al.,

1989; Lippard and Rokoengen, 1989; /irhus, 1991; Leith et
al., 1992; Smelror et al., 2001a, 2001b; Mutterlose et al.,
2003]. The sediments deposited during the Volgian and
Ryazanian are characterized by dark, dominantly laminated
and relatively organic carbon-rich clay stones and silty clay
stones. Some of these black shales are also considered as oil
shales, e.g., the Spekk Formation and the Hekkingen
Formation (Figure 2), because they yield liquid hydro-
carbons when artificially matured. However, during the
Ryazanian and early Valanginian these facies were gradu-
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Figure 3. Diagram showing TOC, CaCO;, HI, Zr/Al ratio, and organic matter composition of core 13/1-
U-02 plotted against depth. Terms of organic matter preservation are displayed along with the HI value,
and interpretations of the relative position to the paleocoast are displayed with the Zr/Al ratio. The
collective quantity of inertinite plus terrestrial liptinite is enveloped by solid lines, because they may be
derived by wind. (Eyes refer to digital picture of OM composition, numbers refer to plates in Appendix A.)

ally succeeded by more and more light-colored, silty and/or
calcareous sediments typically associated with a decrease in
organic carbon. This calcareous facies is called the Klipp-
fisk Formation, which dominated the northern part of the
NGS and the western Barents Sea [e.g., Smelror et al., 1998;
Bugge et al., 2002], whereas the time-equivalent Lange
Formation dominates the middle NGS. The late Hauterivian
(not always documented in the sedimentary record) is
usually barren of organic carbon, and signals the end of
an approximately 10 Ma episode of black shale formation.
These calcareous open-marine sequences are locally suc-
ceeded (usually after a hiatus) by dark clay stones or silty
clay stones of the Barremian Kolje Formation, containing
moderate organic carbon contents (Figure 2). The investi-
gated cores from the NGS reflect these regional sedimentary
patterns, whereas the core from the Skagerrak was selected
to represent the Southeastern Passage (SEP) to the Tethys
realm.

[10] The problem of stratigraphic control on marine sedi-
ments containing thick laminated black shale sequences is
the relative scarcity of fossils within these sequences. Low
clastic sedimentation inhibits fast burial and preservation,
and allows scavenging. Therefore a combined investigation
on palynomorphs, macrofossils, and foraminifers was per-
formed to gain stratigraphic control [e.g., Hansen et al.,
1991; Smelror et al., 1998, 2001b; Mutterlose et al., 2003].
The latter produced a reasonable stratigraphic framework by
comparing peaks from spectral analysis (assumed as astro-

nomical sedimentation rates) with linear sedimentation rates
obtained from the investigations mentioned above (see
Figure 2).

4. Results
4.1. Bulk Geochemical Parameters

[11] For all three cores, average values of bulk elemental
composition and Rock-Eval data according to time intervals
are summarized in Table 1.

[12] Total organic carbon (TOC) contents of core 13/1-U-
02 range from 0.1 to 1.7 wt %, but most values remain
below 1 wt %. There is a continuous decrease in TOC from
the base early Volgian to the middle Volgian, until a single
maximum of 1.7 wt % introduces the base late Volgian
(Figure 3). Hydrogen Index (HI) values are very low,
ranging between 10 and 40 (mg HC/g TOC) in the early
and middle Volgian, and somewhat higher values of about
20 to 100 (mg HC/g TOC) in the late Volgian. Values for
Fe,O5 are relatively high and range from 3 to 10 wt %,
whereas sulfur values are relatively low and range from 1 to
3 wt %. The Zr/Al ratio is about 15 in the lower early
Volgian and continuously increases to about 65 in the
middle Volgian.

[13] Core 6307/07-U-02 is characterized by TOC contents
between 0.1 and 7.0 wt % that continuously decrease from
the early Volgian to the late Ryazanian. The decrease is
particularly rapid through the Ryazanian (Figure 4). Except
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Figure 4. Diagram showing TOC, CaCOs, HI, Zr/Al ratio, and organic matter composition of core
6307/07-U-02 plotted against depth. Terms of organic matter preservation are displayed along with the HI
value, and interpretations of the relative position to the paleocoast are displayed with the Zr/Al ratio. The
collective quantity of inertinite plus terrestrial liptinite is enveloped by solid lines, because they may be
derived by wind. (Eyes refer to digital picture of OM composition, numbers refer to plates in Appendix A.)

for a few fluctuations in the early Valanginian the upper-
most 20 meters of the core are virtually barren of organic
carbon. HI values show high variability between 200 to
600 (mg HC/g TOC) from the early Volgian to the late
Ryazanian. In the Valanginian values drop below 200 (mg
HC/g TOC) and reach zero in the Hauterivian. Stable
carbon isotope analysis yields §'°Corg values from
—29%o in the Volgian and —20%o in the Valanginian. The
sediments show high Fe,O3; and sulfur contents ranging
from 3 to 13 wt %, and 0.1 to 13 wt %, respectively. The Zr/
Al ratio is about 15 in the early Volgian and decreases to
about 6 in the Ryazanian.

[14] TOC contents of core 6814/04-U-02 range from 0.1
to 4.8 wt % and decrease similar to those in core 6307/07-
U-02 (Figures 4 and 5). Fluctuations in the early Valangi-
nian are also comparable to core 6307/07-U-02, and the
succeeding Hauterivian is virtually barren of organic car-
bon. HI values range from 200 to 400 [mg HC/g TOC] in
the early Volgian and from 100 to 200 in the Ryazanian. The
Valanginian is marked by values below 100 (mg HC/g

TOC), whereas no values can be calculated in the Hauteri-
vian because the TOC is too low. Stable carbon isotope
analysis reveals §'3Corg values from —30%o in the Volgian
and —26%o in the Valanginian. Fe,O5 concentrations range
from 2.6 to 21.4 wt %, and sulfur values range from 0.1 to
6.9 wt %. The Zr/Al ratio is about 25 (2 x higher compared
to core 6307/07-U-02), and there seems to be no change
from the middle Volgian to the late Ryazanian (Figure 4).
The Valanginian and early Hauterivian is marked by strong
fluctuations in the Zr/Al ratio, where maximum values reach
50 to 60. The succeeding Barremian reveals a relatively
stable ratio of about 15.

4.2. Maceral Composition

[15] In core 13/1-U-02 vitrinite makes up 10 to 60% of
the particulate organic matter (POM), and includes a mod-
erate portion of detritus (Figure Al). There is a general
decrease in the amount of vitrinite from base to top of the
core almost parallel to the TOC content, except for the base
late Volgian. As the counterpart to vitrinite the amount of
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Figure 5. Diagram showing TOC, CaCOs, HI, Zr/Al ratio, and organic matter composition of core
6814/04-U-02 plotted against depth. Terms of organic matter preservation are displayed along with the HI
value, and interpretations of the relative position to the paleocoast are displayed with the Zr/Al ratio. The
collective quantity of inertinite plus terrestrial liptinite is enveloped by solid lines, because they may be
derived by wind. (Eyes refer to digital picture of OM composition, numbers refer to plates in Appendix A.)

liptodetrinite makes up 25 to 60% of the POM (Figure 3).
Whereas terrigenous liptinite (5 to 40%) and inertinite (1 to
10%) are of minor importance, except for the late Volgian.
The base late Volgian is marked by an increased amount of
terrigenous liptinite, which makes up to 35% POM, and
produces high peaks in TOC and HI, respectively (Figures 3
and A2).

[16] The POM of core 6307/07-U-02 is dominated by
vitrinite, and includes a relatively high proportion of detritus
(Figure 4). The general change in composition through time
reveals a clear picture. The amount of vitrinite increases
constantly from about 30% in the early Volgian up to 80%
in the Valanginian, which is counterparallel to the TOC
content. The marine liptinite makes up the second major
group, including a moderate to high proportion of detritus.
It is clearly illustrated that its abundance declines steadily
from about 60% in the early Volgian (see Figures 4 and A3)
to about 10% in the Valanginian (see Figures 4 and A4).
The amount of inertinite and terrigenous liptinite is gener-
ally much more important compared to core 13/1-U-02, and

ranges from 5 to 20% and 1 to 15% of the POM, respec-
tively. In particular, the amount of inertinite shows a
symmetrical distribution with lowest values in the early
Volgian and in the Valanginian and with a pronounced
maximum at the base late Volgian.

[17] The organic matter composition of core 6814/04-U2
is different from the others, because it is heavily dominated
by vitrinite, which reaches up to 90% of the POM (Figure 5).
The detrital fraction is also much larger compared to the
other cores. Similar to core 6307/07-U-02 the amount of
vitrinite is always negatively correlated to the TOC curve.
Another difference is that vitrinite first decreases from about
60% in the late early Volgian to its minimum in the early
late Volgian (Figures 5 and AS5). It does not increase again
before the late Volgian (where the TOC content is highest) to
reach about 90% in the Barremian (Figure A6). Marine
liptinite is only a minor component (10 to 30%), and has its
maximum from the late Volgian to the late Ryazanian.
Inertinite and terrigenous liptinite seem to correlate, and
both increase mutually from 10% in the late early Volgian
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to 30% in the early late Volgian. Shortly thereafter inertinite
and terrigenous liptinite decrease to insignificant amounts.

5. Discussion
5.1. Sources and Preservation of Organic Matter

[18] Determination of the origin and preservation of
individual macerals provides information about the distance
from their sources and the depositional conditions. To
obtain this information we performed organic petrography
supported by Rock-Eval data, and we discuss the applica-
bility of 8"°*Corg isotope data.

[19] The organic matter of the Southeastern Passage (SEP)
appears to be a mixture of marine and terrestrial organic
matter, but the material presumably derived from marine
sources is highly disintegrated. Hence most of the detrital
liptinite (see Figure 3) is of uncertain origin, though we
found a few indicators for a marine source, e.g., dinocysts
and algae. However, owing to poor preservation these
relatively hydrogen-rich precursors now appear as the large
amount of type III kerogen, as reflected in the HI/OI and S2/
TOC diagrams (Figures 6 and 7). We found the relatively
lipid-rich OM derived from terrestrial sources (spores and
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Figure 6. Results of Rock-Eval pyrolysis from all three
sediment cores plotted in a HI/OI van Krevelen-type
diagram showing different types of OM (type I-IV kerogen)
and their potential sources [c.f. Espitalié et al., 1977; Peters,
1986]. Sample clusters were generalized by different fields
of gray.
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Figure 7. Relationship between S2 and TOC for alter-
native kerogen type determination. The closer the samples
plot along a line with a constant HI value, the more likely is
organic carbon accumulation controlled by preservation and
mixing of terrestrial and marine OM [e.g., Horsfield et al.,
1994; Liiniger and Schwark, 2002; Tribovillard et al.,
2001]. Deviations in the S2 or TOC direction suggests
elevated primary production, or increased supply of
terrigenous OM has influenced the accumulation of organic
carbon, respectively. Interception with TOC axis may
indicate the absorptive capacity of the mineral matrix
[e.g., Langford and Blanc-Valleron, 1990], or the percen-
tage of “dead” organic carbon [Cornford et al., 1998].

pollen) is much better preserved than material from marine
sources (Figure A2). The macerals from cellulose and lignin-
rich land-plants show a broad spectrum of maturation stages,
from dark-brown vitrinite to light-gray primary fusinite.
These macerals are considered as original type III and IV
kerogen presented in the HI/OI and S2/TOC diagrams
(Figures 6 and 7). In general, we observe a decrease of
land-plant debris (vitrinite, including vitrodetrinite) from the
base early Volgian to the early late Volgian (see Figure 3) and
a positive correlation with the TOC content.
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Figure 8. Relationships between 83 Corg and HI values of core 6814/04-U-02 and core 6307/07-U-02
(Figure 8) demonstrate that hydrogen-rich organic matter is positively correlated with lighter (**C
depleted) values, and vice versa. This abnormal (different from modern) relationship is also reported from
other Mesozoic sites, e.g., DSDP sites 367, 530 [Dean et al., 1986], and 603 [Arthur et al., 1985] which
are summarized in Figure 8. This relationship seems to be stronger developed with increasing anoxia,
and/or higher northern latitudes [Langrock et al., 2003].

[20] The Norwegian-Greenland Seaway (NGS) shows a
very different picture. The organic matter is clearly derived
from both marine/aquatic and terrestrial sources and the
preservation is much better [e.g., Langrock and Stein,
2001]. We observe a general increase of land-plant debris
(vitrinite, including vitrodetrinite) from the early Volgian to
the early Barremian, although this course starts somewhat
later in the northern NGS location (Figure 5). However,
most prominent is the high abundance of well-preserved
liptinite fragments (>10 um) and liptodetrinite (<5—10 pm),
which reveal their marine sources (e.g., algae, dinocysts).
We found many physically intact algae at various depths
(Pediastrum, Botryococcus, Tasmanites, and most important
dinoflagellate cysts) that may be derived from estuarine,
lagoonal and/or pelagic sources. Their relatively high pres-
ervation results in type II kerogen (Figures 6 and 7).
Terrigenous liptinites are dominated by a variety of fairly
to very well-preserved spores and pollen (Figures A3 and
AS), producing type II and II/IIl kerogen. Therefore
compared to the SEP a much wider spectrum of kerogen
types appears in the HI/OI and S2/TOC diagrams (Figures 6
and 7). However, the most striking difference to the SEP is
the negative relationship between TOC content and the
amount of vitrinite.

[21] Determination of OM sources can be supported by
the application of 6'°Corg data [e.g., France-Lanord and
Derry, 1994; Meyers, 1997; Schouten et al., 1997; Routh et
al., 1999; Onstad et al., 2000; Van de Schootbrugge et al.,
2000], but the isotopic signature of late Mesozoic sediments
appears to be substantially different from modern sedi-
ments. As long as oceanic CO» is enriched in '*C, sediments
dominated by marine OM should produce higher, i.e.,
isotopically heavier, §'3Corg values than sediments domi-
nated by land-plant derived material. In contrast, we
observed that our sediments rich in marine OM are charac-
terized by §'*Corg values from —25 to —30%o, whereas the
sequences rich in terrestrial OM show values from —20 to

—25%o. A similar inverted relationship is reported from
various DSDP sites in the lower Cretaceous North Atlantic
[e.g., Arthur et al., 1985; Dean et al., 1986] (Figure 8).
Several potential mechanisms were discussed to explain
these unusual isotopic signatures in late Mesozoic sedi-
ments, such as diagenesis, increased atmospheric CO,
partial pressure, and more exhaustive photosynthetic '*C
fractionation of marine phytoplankton [see Arthur et al.,
1985; Dean et al., 1986; Meyers, 1997; Ehrbacher et al.,
1999 and references therein]. Rau et al. [1987] demonstrated
a good correlation between low 6'°N and low §'*C values in
Cretaceous black shales, where the N depletion is sug-
gested as a result of periodically extensive denitrification by
N,-fixing bacteria set in largely anoxic or suboxic environ-
ments with slow deep-water turnover. This coincides with our
interpretation of black shale formation of the Hekkingen Fm
and Spekk Fm (see below).

5.2. Depositional Environments

[22] There are several processes that increase the amount
of organic carbon that is preserved in the sedimentary
record, e.g., anoxic bottom waters (= lack of bioturbation),
reduced input of clastic material (= lack of dilution), high
primary production (= benthic overload), high bulk accu-
mulation rates (= rapid burial), and high supply of terrestrial
organic matter [e.g., Miiller and Suess, 1979; Demaison and
Moore, 1980; Stein et al., 1986; Arthur et al., 1987; De
Graciansky et al., 1987; Meyers, 1997]. To assess the
depositional conditions we interpreted the pyrite size distri-
bution [e.g., Wilkin et al., 1996, 1997], TOC-Fe-S relation-
ships [e.g., Brumsack, 1988; Dean and Arthur, 1989;
Liickge et al., 1996; Hofmann et al., 2000], and sedimen-
tation rate/organic carbon relations [e.g., Stein, 1990].

[23] We found autochthonous pyrite framboids in all
studied cores and almost all depths, except for the Valan-
ginian and Hauterivian of core 6307/07-U-02. Autochtho-
nous pyrite formation indicates anoxic conditions, but pyrite
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Table 2. Pyrite Size Distribution Inferred From Reflected Light Microscopy [e.g., Wilkin et al., 1996, 1997]"

Pyrite as Mean Size
Location Time Interval Framboids, % Diameter, pm Variability Interpretation

13-1-U-01 late Volgian 88 13.0 high oxic - dysoxic

early Volgian 86 12.0 high oxic - dysoxic
6307-07-U-02 Valanginian - Hauterivian no pyrite no pyrite no pyrite oxic

Volgian - Ryazanian 98 6.0 low anoxic
6814-04-U-02 Barremian 74 7.0 low oxic - dysoxic

Valanginian - Hauterivian 7 8.0 low oxic

Volgian - Ryazanian 98 7.0 medium anoxic - suboxic
Framvaren Quaternary 80-85 5.8 oxic - dysoxic
Wallops Island Quaternary 70-75 7.6 oxic - dysoxic
Black Sea Quaternary 95 5.1 low anoxic

?A high percentage, a low average diameter, and/or a low size variability of pyrite framboids suggest a formation under more anoxic
conditions, predominantly within the water column. Modern surface sediments, e.g., from the Black Sea, can be related to the Volgian
black shale sequences of core 6307/07-U-02 and 6814/04-U-02. Positive relationships to modern analogues are indicated by asterisks.

framboids that have formed within an anoxic water column,
e.g., in the modern Black Sea, are typically smaller and less
variable in size than those formed in the pore spaces of
sediments underlying oxic and dysoxic water columns [e.g.,
Wilkin et al., 1996, 1997]. Our investigations clearly
revealed that sediments with a high TOC content are
dominated by pyrite framboids that are particularly small
and less variable in size. The Volgian and Ryazanian sedi-
ments of the NGS basins show that about 98% of the total
pyrite occurs as framboids (Table 2). Average diameters
range from 6 pm to 7 pm with a low variability in size. This
relatively uniform size is obtained when pyrite is formed
within the water column and sinks to the bottom by means
of gravity, which suggests that at least a distinct layer of the
water column was anoxic [e.g., Wilkin et al., 1996, 1997].
The sediments of the succeeding Valanginian and Hauteri-
vian of core 6814/04-U-02 reveal that only 7% of the pyrite
occurs as relatively uniform framboids, and 93% is non-
framboidal that has likely been formed below the sediment
surface. During the identical time period no pyrite was

formed in core 6307/07-U-02, indicating the absence of H,S
owing to the lack of OM. In core 13/1-U-02 less than 88%
of the pyrite are framboids, and much of the framboids have
formed huge aggregates filling the pore spaces in the
sediment. The diameters of the framboids also differ from
those in the other cores and show an average of 12 pm,
ranging from 4 to 100 pm. This suggests a rather oxygen-
ated water column, and that pyrite has formed predomi-
nantly in the sediment.

[24] The TOC-Fe-S ternary diagrams (Figures 9a—9c)
display the limiting factors for pyrite formation to evaluate
the depositional conditions [e.g., Berner and Raiswell,
1983; Berner, 1984; Brumsack, 1988; Dean and Arthur,
1989; Hofmann et al., 2000]. In the Skagerrak location most
samples plot within a relatively narrow field, reflecting a
low variability between the parameters (Figure 9a). Pyrite
formation was chiefly limited by the lack of labile hydro-
gen-rich organic matter, because sulfate is unlimited in
marine environments. Hence the sediments were likely
deposited under relatively stable oxic conditions throughout
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Figure 9. TOC-Fe-S ternary diagram showing the limiting factors for pyrite formation [e.g., Brumsack,
1988; Dean and Arthur, 1989; Hofimann et al., 2000] for (a) core 13/1-U-02, (b) core 6307/07-U-02, and
core (c) 6814/04-U-02. Formation of pyrite (FeS,) is provided along the solid line. Below this line pyrite
formation is limited by reactive iron, probably reflecting anoxic conditions. Above the line pyrite
formation is limited by the absence or composition of OM, e.g., samples plot to the left if easy-to-
metabolize compounds are absent. An evolutionary trend of changing depositional conditions is
demonstrated by different numbers representing (1) the early Volgian, (2) the late Volgian, (3) the
Valanginian and Hauterivian, and (4) the Barremian.
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Figure 10. Relationship between (marine) organic carbon content and decompacted sedimentation rates
(modified after Stein et al. [1986b, 1990]). Different fields of deposition (high productivity, anoxic, open-
marine oxic) are based on results form Recent to Miocene sediments. Maximum sedimentation rates and

minimum TOC data (and vice versa) were used to
potential deposition. The Volgian and Ryazanian s
depositional conditions different to those in the S
changed to open-marine oxic in the Valanginian-Ha

the Volgian. The black shales of the Volgian and Ryazanian
of core 6307/07-U-02 (Figure 9b) plot below the “pyrite
composition line” indicating limitations by reactive iron
under oxygen-depleted conditions. There is a change along
the line toward more oxic conditions, represented by the
gray marl of the Valanginian (right flank), and the red marl
of the succeeding Hauterivian (upper corner). The sedi-
ments of core 6814/04-U-02 are also characterized by
distinct provinces. The general trend from more anoxic
conditions in the Volgian to dysoxic conditions in the
Ryazanian and oxic conditions in the Valanginian/Hauteri-
vian is outlined in Figure 9c. The sediments of the Barre-
mian, which follow a hiatus, plot in a different field (to the
left) where the formation of pyrite is limited by the lack of
labile organic matter (hydrogen-rich). These sediments are
dominated by hydrogen-poor terrestrial OM, which seems
to lessen the degree of decomposition by sulfate-reducing
bacteria, and eventually decreases the availability of H,S in
the water column. This results in a decrease of pyrite
framboids that crystallized in the water column (see pyrite
size analysis above).

[25] The stratigraphic framework presented in the work of
Mutterlose et al. [2003] reveals a very low sedimentation
rate (SR) for all studied locations. The lack of dilution by
clastic input is one of the prerequisites for accumulation of
organic carbon-rich sediments. Low sedimentation rates
may also indicate that high primary production was not

construct the open boxes which represent areas of
ediments of the NGS (box 1 and 2) clearly show
EP (box 3). Conditions in the NGS continuously
uterivian (box la and 2a).

the primary control on organic matter accumulation, at least
not for the Norwegian-Greenland Seaway examples. There-
fore we calculated initial (or decompacted) sedimentation
rates (SRo) to illustrate the relationship between marine
organic carbon and sedimentation rate [after Stein et al.,
1986, 1990]. We used a decompaction factor of X2 to x5 to
account for the average porosity loss of clayey to silty
sediments during diagenesis [e.g., Poelchau et al., 1997 and
references therein]. Figure 10 shows the fields of potential
deposition (open boxes) for each core. The Volgian to
Ryazanian sediments of core 6307/07-U-02 (box 2) are
hosted in the domain of anoxic depositional conditions,
which is reflected by high TOC contents and a low
sedimentation rates. There is an overlap with the field of
potential deposition of core 6814/04-U-02 (box 1) which is
characterized by lower TOC contents and somewhat higher
sedimentation rates compared to core 6307/07-U-02. The
figure displays a border situation for core 6814/04-U-02
between anoxic, open-marine oxic and high primary pro-
ductivity conditions. This coincides with the foregoing
discussion, and may actually represent suboxic to dysoxic
conditions in the middle Volgian, and more moderately
dysoxic conditions in the Ryazanian. The Valanginian and
Hauterivian of the NGS basins (box la and 2a) are charac-
terized by much lower TOC contents compared to the
sedimentation rates; hence their fields of potential deposi-
tion fall in the “open-marine oxic” domain. The field of
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potential deposition of core 13/1-U-02 (box 3) is situated in
the “open marine oxic” domain, and supports the interpre-
tations from the foregoing discussion.

[26] We calculated the paleoproductivity for the black-
shale sequences on the basis of estimated SR of 0.4-
1.2 cm/1000 years for the early Volgian, and 1.2—1.9 cm/
1000 years for the late Volgian. For oxic environments
we used the equation (1) after Miiller and Suess [1979]
and Stein et al. [1986b, 1990]:

PP =531 * C * DBD""! * LSR™”” * DEP** | (1)
where PP is the primary productivity (gC/cm*/ka), C the
(marine) organic carbon content, DBD is the dry bulk density
(g/cm?), LSR the linear sedimentation rate (cm/ka), and DEP
the water depth (m). We assumed 200 m as an average water
depth for this location. For estimating paleoproductivity in
anoxic environments we used equation (2) after Bralower
and Thierstein [1987]:

PP =5*C * LSR * DBD, (2)
where PP is the primary productivity (gC/cmz/ka), C the
(marine) organic carbon content, DBD is the dry bulk
density (g/cm®), and LSR the linear sedimentation rate
(cm/ka). Paleoproductivity values for the anoxic NGS
basins range from about 4 to 20 gC/cm?/ka, which is
similar to the sediments with the highest organic carbon
contents in the modern Black Sea [e.g., Izdar et al., 1983].
Whereas the Southeastern Passage reveals about 30 to
40 gC/ecm*/ka under oxic conditions, which is typical for
open-marine environments [e.g., Stein et al., 1986].

[27] An increased supply of terrestrial OM seems to be
the primary control on organic carbon accumulation in the
Southeastern Passage, because here we have a clear positive
correlation between the TOC content and the amount of
vitrinite. This seems plausible since the deposition occurred
in an open-marine oxic environment. The complete opposite
is documented in the Norwegian-Greenland Seaway, where
an increased supply of terrestrial OM is unlikely to have had
a major control on the organic carbon accumulation.

5.3. Paleoenvironmental Change Through Time

[28] There are different indicators to believe that the
sediments were deposited on the shelf not far off the
paleoshore. First, the occurrence of well-preserved algae
from fresh-water and brackish-water habitats along the
NGS, such as Botryococcus and Tasmanites indicate the
proximity to their sources. Some algae may possess an
elevated buoyancy by emitting oil while they live (and so
may have a larger distribution), but they will soon drop to
the seafloor and become exposed to biochemical disinte-
gration after their relatively short life cycle. Second, there
are occasionally vitrinites, vascular bundles, and clasts of
bituminous coal that reach up to 1.5 mm in size (often with
a high length/width ratio). Under normal hydrodynamic
conditions (average current speeds, etc.) such large particles
have a very limited lateral distribution [e.g., Liickge et al.,
1996; Taylor et al., 1998]. Third, the abundance of terrig-
enous liptinites, e.g., whole spores, along the NGS indicate
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the proximity to the land. In particular, high diversity in
type suggests proximity to a larger variety of land-plant
sources, which should decrease with increasing distance
from land. In that course, high diversity in size indicates that
these particles were also not transported over long distances
by wind or water with respect to gravity fractionation.

[290] The increasing amount of detritus upward in the
section, which is derived from land-plants indicates a
reduction of the organic particle size through time. Conse-
quently, the ratio between vitrinite and vitrodetrinite
becomes generally smaller, although the relative amount
of these macerals increases. Contemporaneously, the Zr/Al
ratio decreased (Figures 4 and 5) suggesting that the grain
size of the nonriverine mineral fraction decreased, reflecting
the reduced influence of aeolian input [e.g., Hinrichs et al.,
2001]. Assuming fractionation by gravity as the primary
mechanism for sorting particles, it seems that the distance
between the core position and the coast line increased.
However, in the northernmost location the change in the
Zr/Al ratio is much less, which is probably due to a special
paleogeographic setting with a consistent input of wind-
derived clastic material. Black shale formation is often
associated with rapid transgression of epicontinental seas,
particularly during the early stages [e.g., Sheridan, 1987]. A
first transgression pulse may have already occurred in the
early Volgian, which could have initialized the formation of
black shales. Lateral adjacent coast-land including peat
swamps may have been leached and increased the supply
of nutrients and terrigenous organic matter to the sea
margins, stimulating primary productivity that may have
caused anoxia. But this theory is not supported by our
results, because we illustrated that the black shale formation
in the NGS was stimulated neither by a high sedimentation
rate, a high terrigenous input, nor a high marine productiv-
ity. Deposition was likely hosted in an isolated anoxic basin
with a stratified water column, probably covered by a
permanent halocline (Figure 11). Primary production was
low owing to limited nutrient supply, the lack of upwelling
water masses, and perhaps low Fe?' input from the con-
tinents [see Boyd et al., 2000]. The inflow of oxygenated
water masses and the vertical circulation was inhibited, thus
promoting the preservation of organic matter similar to the
“stagnation model” [e.g., Brumsack, 1980; De Graciansky
et al., 1984; Nijenhuis et al., 1999]. Therefore a transgres-
sion probably did not initiate, but rather “disturbed,” the
formation of black shales on a long-term scale. The hinter-
land became continuously flooded, vegetation withdrew,
and the distance between the terrestrial sources and the
depositional site increased. The amount of reworked terres-
trial organic matter and the amount of detritus increased.
Mutterlose et al. [2003] suggested a change from a more
warm and humid climate in the Volgian to a more cool arid
climate in the Valanginian/Hauterivian for the Norwegian-
Greenland Seaway, which may be supported by the ongoing
decay of land-plant material. However, the momentous
change was probably that oxygenated water masses started
to enter the basins over ridges and sills, which probably
destabilized the stratified water column by increased verti-
cal circulation and eventually diminished the intensity of
anoxia. This decreased the preservation of OM, and resulted
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Figure 11. Depositional model for the black shale
formation in the eastern NGS. High preservation of OM is
provided by oxygen deficiency, stratified water column, and
short transport distances (vertical and lateral). Advanced
transgression increases transport distance and water depth,
and allow more oxygenated water masses to enter the basin.
This probably results in a decrease of anoxia, the
reestablishment of benthic activity, the decrease of lipid-
rich OM preservation, and eventually the termination of
black shale formation.

in a fully oxygenated, more distal and sediment-starved
basin in the Valanginian and Hauterivian. Even though
primary production was probably enhanced during these
conditions most of the marine organic matter was disinte-
grated before entering the sedimentary record.

6. Conclusions

[30] The latest Jurassic to earliest Cretaceous time slice
provided favorable conditions for the formation of black
shales in the eastern Norwegian-Greenland Seaway. In
particular the Volgian is characterized by immature sedi-
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ments with high organic carbon contents and a fair to very
good source rock generative potential.

[31] Maceral analysis , Rock-Eval data, and §'3Corg data
revealed a variable mixture of terrigenous and marine
organic matter, suggesting that deposition occurred in a
shelf environment. The abundance of terrigenous liptinite,
particularly sporinite, and algae derived from freshwater and
brackish habitats indicates the proximity to the paleoshore.

[32] Pyrite size distribution, TOC-Fe-S and sedimentation
rate/organic carbon relationships suggest that black shale
formation occurred under suboxic to anoxic bottom water
conditions and a continuous long-term change to more
open-marine oxic conditions. Changes from more hydro-
gen-rich organic matter in the early and middle Volgian to
more “woody” and refractory organic matter in the Val-
anginian and Hauterivian is primarily a preservation effect
controlled by the increase of bottom water oxygenation.

[33] The increasing amount of organic detritus derived
from land-plants and the decreasing Zr/Al ratio suggest that
the core positions moved farther from the paleoshore,
expanding the distance to the terrestrial sources. This may
have occurred in terms of a transgression, probably caused
by a sea-level rise.

[34] The sediments from the southeastern passage to the
Tethys realm (core 13/1-U-02) were deposited under con-
ditions unfavorable for the formation of petroleum source
rocks. Deposition occurred in an open-marine oxic environ-
ment with low organic carbon contents and low sedimenta-
tion rates. Accumulation of organic carbon was controlled by
the input of terrestrial, particularly “woody,” organic matter.

Appendix A

[35] The plate shows a few microscopic photographs taken
from cores 13/1-U-02,6307/07-U-02, and 6814/04-U-02 with
an AxioCam  digital color video camera during petrographic
investigation. Figure A1 reflects the typical organic matter
composition of the lower subunit A2 of core 13/1-U-02,

Figure A1. Typical OM composition of the lower subunit
A2 of corel3/1-U-02, dominated by terrestrial OM
(207 mbsf), reflected white light, 200 x magnification.
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Figure A2. OM composition of the lower subunit C of
core 13/1-U-02, reflecting the untypical abundance of lipid-
rich terrestrial OM, here spores (142 mbsf), blue light
excitation, 500 x magnification.

which is dominated by terrestrial OM. Angular vitrinites
with “bogen” occur in assemblies that are patchily distrib-
uted in a pyritized, very fine-grained mineral matrix. TOC
is about 0.2 wt % with a corresponding HI of about 10 (mg
HC/g TOC) (see Figure 3) (reflected white light, 200 x
magnification). A unique feature is documented in Figure A2,
which shows the remarkable high abundance of terrestrial
liptinite (here sporinite) in a depth of 142 m in the lower
subunit C of core 13/1-U-02. This caused maximum TOC
value of 1.7 wt % in the core and raised the HI to
110 (mgHC/g TOC) (see Figure 3, fluorescence light,
500 x magnification). Figure A3 shows the typical organic

amorphous

oM

Figure A3. Typical OM composition of the Spekk
formation of core 6307/07-U-02, showing OM derived
from marine and lipid-rich terrestrial sources (80 mbsf),
blue light excitation, 200 x magnification.

Figure A4. Typical OM composition of the lower Lange
formation of core 6307/07-U-02, dominated by terrestrial
OM (28 mbsf), reflected white light, 500 x magnification.

matter composition of the Spekk Formation of core 6307/07-
U-02, showing OM primarily derived from marine and lipid-
rich terrestrial sources at 80 meters depth. A high TOC of
about 5 wt % corresponds to a high HI value of 500 (mgHC/g
TOC) (Figure 4). (blue light excitation, 200 x magnifica-
tion). The organic matter composition that predominates the
lower Lange Formation in about 28 m depth is documented in
Figure A4. TOC contents below 0.5 wt % and HI values
below 100 (mgHC/g TOC) are reflected in the scarcity of
organic particles and the high percentage of refractory
material derived from land-plant sources. The vitrinite parti-
cle in the center is of low maturity but relatively small and
well rounded. The matrix is dull and translucent due to high

terrigenous
Liptinites

PN -
amorphous «

Figure AS. Typical OM composition of the Hekkingen
formation of core 6814/04-U-02, showing OM derived from
marine and lipid-rich terrestrial OM (136 mbsf), blue light
excitation, 200 x magnification.
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Figure A6. Typical OM composition of the Kolje
Formation of core 6814/04-U-02, dominated by terrestrial
OM (11 mbsf), reflected white light, 500 x magnification.
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quartz abundance, pyrite is allochthonous and/or pore water
generated (reflected white light, 500 x magnification).
The most organic carbon-rich sequences of the Hekkingen
formation of core 6814/04-U-02 are best represented by
Figure AS taken at 136 meters depth. High TOC contents
of'about 4.5 wt % correspond to a but moderate preservation,
indicated by HI of about 250 (mgHC/g TOC). Two thirds
of the organic matter has derived from terrestrial and one third
from marine sources (blue light excitation, 200 x magnifi-
cation). Figure A6 shows the typical organic matter compo-
sition of the Kolje Formation of core 6814/04-U-02
(Barremian). Although strictly dominated by terrestrial OM,
as reflected by HI values <80, TOC values of about 2.5 wt %
reflect good preservation, probably by other processes than
stagnation (reflected white light, 500 x magnification).
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