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Abstract

The present study investigates the mechanisms which have controlled input and
preservation of organic carbon in Late Jurassic to Early Cretaceous marine
sediments from high northern paleolatitudes. Special emphasis is given to the
origin, composition, and preservation of particulate organic matter in order to
assess its response to paleoenvironmental changes. During the Late Jurassic to
Early Cretaceous the long meridional Norwegian-Greenland-Seaway was one
of only two marine connections between the boreal northwestern Tethys and
the paleo-Arctic Ocean, the other being a much shallower seaway across the
Russian Platform. To carry out this study, sediments from four cores taken
along the Norwegian continental shelf were investigated using geochemical and
petrographic approaches. With this it was possible to investigate late Mesozoic
black shale formation in high northern paleolatitudes during times of a low
global sea level.

The results show clear differences in the paleoenvironment from lower to
higher latitudes, which can be explained by the great meridional distance and its
paleoecologic, paleoceanographic, and paleoclimatic effect on the local
sedimentary environment. On the other hand, a general change in depositional
conditions was observed during a period of about 10 My from the Volgian to the
Valanginian, which resulted in the termination of black shale formation as sea
level rose. Microscopic analysis of the particulate organic matter revealed that,
without regard to the paleolatitudes, both terrestrial and marine-aguatic
macerals were deposited in the sediments. However, towards higher latitudes
the amount of macerais from various marine, brackish, and limnic sources
increases, reflecting more favorable conditions for preservation of the lipid-rich
fraction. The accumulation of organic carbon in the sediments from the low-
latitudinal location is primarily controlled by the input of terrigenous "woody”
organic matter, whereas primary control towards higher latitudes is the input
and preservation of lipid-rich organic matter.

Interpretations of framboidal pyrite distribution, C/S and C/N ratios, Mo/Al

ratios, and TOC-Fe-S relationships revealed that preservation of organic matter



Abstract - Kurzfassung v

becomes more and more associated with anoxic bottom waters towards higher
latitudes. Estimates of paleoproductivity, the relationship between C.rg and
initial sedimentation rate, and carbonate dissolution in the water column indicate
that anoxia was unlikely caused by increased marine productivity. It is much
more likely that a low sea level favored the formation of paleoceanographic
isolated basins where probably reduced vertical circulation caused stratification
of the water column. The lack of oxygen eventually resulted in persistent anoxic

bottom waters, whiist the organic carbon content was influenced by more short- '
term periodic changes in primary production and input of clastic material. This
scenario, similar to the stagnation model, is supported by the subsequent
termination of black shale formation due to a sea-level rise that reached its
maximum in the Valanginian and Hauterivian. This is clearly reflected by the
composition of the organic matter, which shows a decrease of hydrocarbon
potential and an enrichment of refractory material that may be explained by the
increased circulation of O,-rich water masses and the associated re-

establishment of the benthic fauna.

Kurzfassung

Im Rahmen der vorliegenden Arbeit wurde untersucht, weiche Mechanismen
den Eintrag und die Erhaltung von organischem Kohlenstoff (Core) in fossilen
marinen Sedimenten hoher nordiicher Breiten steuern. Der inhaitliche
Schwerpunkt liegt dabei auf der geochemischen und mikroskopischen
Charakterisierung des partikularen organischen Materials und welche
Ruckschilsse aus dessen Herkunft, Zusammensetzung und Erhaltung auf die
Paldoumweltbedingungen gezogen werden kdnnen. Daflr wurden Sedimente
aus 4 Bohrkernen entlang des norwegischen Kontinentalschelfs ausgewanhlt, die
wéhrend des Oberjura und der Unterkreide abgelagert wurden. Der 300 km
breite und Uber 2000 km lange meridionale Seeweg zwischen Norwegen und
Grénland war zu dieser Zeit die einzige direkte Verbindung zwischen den

aquatorialen Gefilden der nordwestlichen Tethys und den sub-polaren Gebieten
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des heutigen arktischen Ozeans. Die spezielle Zeitscheibe wurde ausgewahlt,
um Bildungsbedingungen von organisch-reichen Sedimenten des spéten
Mesozoikum zu dokumentieren, die in hohen nordlichen Palaobreiten und
wahrend eines niedrigen globalen Meeresspiegels vorherrschten.

Die Ergebnisse zeigen zum einen deutliche Unterschiede in den
Palaoumweltbedingungen von niedrigen zu hohen Breiten, was auf den grof3en
meridionalen Unterschied und die méglicherweise damit verbundenen
paldodkologischen, paldozeanographischen, und paldoklimatischen
Auswirkungen auf die lokalen Sedimentationsraume zurickgeflhrt werden
kann. Zum anderen ist eine allgemeine Anderung in den Bildungsbedingungen
Uber einen Zeitraum von etwa 10 Mio Jahren vom Volgium bis in das
Valanginium zu erkennen, die eine Termination der Schwarzschieferbildung zur
Folge hat und auf einen deutlichen Meerespiegelanstieg zurlckgefihrt werden
kann.

Die mikroskopische Analyse des partikularen organischen Materials
(Mazerale) hat gezeigt, dass ungeachtet der Breiten sowoh! terrigene als auch
marin-agquatische Mazerale eingetragen wurden. Allerdings nimmt der Anteil an
Mazeralen, die verschiedenen marinen, brackischen und limnischen Habitaten
zugeordnet werden kénnen, mit zunehmend hdheren Breiten zu und reflektiert
Bedingungen, die eine bessere Erhaltung der lipid-reichen Fraktion
beginstigen. In diesem Zusammenhang konnte ebenfalls gezeigt werden, dass
der Gehalt an Cgprs im Sediment in der sUdlichen Lokalitat primar vom
terrigenen Eintrag gesteuert wird, wahrend in héheren Breiten der Gehalt an
Cors zUunehmend durch erhdhte Erhaltung von lipid-reichen Mazeralen
kontrolliert wird.

Ferner konnte durch das Verteilungsmuster framboidaler Pyrite sowie C/S-,
C/N-, TOC-Fe-S- und Mo/Al-Verhaltnissen gezeigt werden, dass die Erhaltung
des organischen Materials in héheren Breiten immer deutlicher mit anoxischen
Bedingungen im Bodenwasser verknUpft ist. Berechnungen der
Paldaoproduktivitaten sowie das Verhaltnis zwischen Cgge und der
urspriinglichen Sedimentationsrate unter besonderer Berlcksichtigung

mdglichen Karbonatabbaus in der Wasserséule deuten darauf hin, dass eine
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erhdhte marine Produktivitat nicht in erster Linie urs&chlich flir die anoxischen
Bedingungen gewesen sein kann. Vielmehr fluhrte ein niedriger Meeresspiegel
wahrscheinlich zu einer paldozeanographischen Isolation, wodurch es zur
Stratifizierung der Wassers&ule und @ zur Reduzierung der
Bodenwasserzirkulation kam. Der Mangel an Sauerstoff flhrte dann zur Bildung
von Anoxia, wobei die Auswirkungen auf den Gehalt an Cqre durch eher
periodische Schwankungen in der Primarproduktion auf der einen und
klastischen Eintrag auf der anderen Seite beeinflusst wurden. Diese
Modelivorstellung, ahnlich dem Stagnations-Modell, wird dadurch unterstutzt,
dass den kontinuierlichen Niedergang der Schwarzschieferbildung von einem
Anstieg des Meeresspiegels begleitet wird, der seinen H&éhepunkt im
Valanginium und Hauterivium hat. Die Zusammensetzung des organischen
Materials spiegelt dies u.a. durch eine Verschiechterung des
Kohlenwasserstoffpotentials und eine Anreicherung von refraktdrem Material
wider, was durch eine intensivere Zirkulation O,-reicher Wassermassen und die

damit verbundene Re-etablierung des Benthos erklart werden kann.
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1. Introduction
1.1. Late Mesozoic black shale formation

There were two periods in the geologiéal record where the formation of fossil
energy resources became a crucial dimension on a global scale — one in the
late Paleozoic and one in the late Mesoczoic [e.g. Larson, 1991; Hallam and
Wignall, 1999].
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Fig. 1-1 Comparison between oceanic anoxic events (OAEs), global CO, (atm.) pressure,
global paleotemperature, volcanic activity, ocean crust production, global sea level, and
organic_carbon burial rate according to paleolatitude in the Cretaceous period (modified after
Larson, 1991 and Wagner et al.,, 2003).

During the Upper Carboniferous and Permian period one half of the world’s coal
reserves were generated from the burial of a vast terrestrial flora, containing
nine times more fossil fuel energy than all oil and gas combined. During the
Jurassic and Cretaceous period, on the other hand, the source rocks for two
thirds of the world’s oil and gas reserves were formed in marine and lacustrine

sediments [e.g. Tissot and Welte, 1984]. Even though that formation of coal
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and organic carbon-rich sediments occurred throughout the geological past,
and even today, such “productive” periods that lasted for several tens of millions
of years require special conditions that exceed a regional scale. Magmatic
superplumes are thought to have caused an episode of constant normal
magnetic polarity in the mid-Cretaceous (124 — 83 Ma), which resulted in high
oceanic spreading rates, high sea level, and high paleotemperatures [Larson,
1991] (Fig. 1-1). Along with this, increased rifting, oceanic plateau production,
and island-arc volcanism subsequently caused an elevated atmospheric CO,
partial pressure, which was crucial for creating “greenhouse conditions” during
these times. The constant availability of nutrients and CO, stimulated primary
production, and is thought to have caused anoxic conditions in large parts of the
oceans [e.g. Schlanger and Jenkyns, 1976; Demaison and Moore, 1980; Arthur
et al., 1987; Erbacher et al., 2001]. These major episodes are known as
Oceanic Anoxic Events (OAEs) and have probably occurred worldwide. For
example, the southern North Atlantic is presumed to have been almost
completely anoxic during the Cenomanian/Turonian, when the oxygen-depleted
waters sporadically reached up into the photic zone [e.g. Sinninghe Damsté
and Koster, 1998]. Such extreme conditions favored the accumulation and
preservation of organic carbon-rich marine sediments, which eventuaily became
petroleum source rocks. The OAEs are also a likely cause for mass extinction
[e.g. Hallam and Wignall, 1999], and this may have even more “snowballed” the
organic carbon accumulation.

The deposition of sediments rich in organic matter, including petroleum
source rocks with more than 0.5 to 1.0 % by weight organic carbon, is usually
restricted to sub-aquatic environments in which organic matter is provided
faster than it can be destroyed (Tissot and Welte, 1984). in subaerial sediments
the organic matter is easily recycled by chemical and microbial oxidation. Most
of the organic carbon-rich sediments, so-calied black shales, are found along
the continental margins. This is because of high primary productivity of coastal
waters, high input from land-plant derived material, and shallow water depths,
which allow for more of organic matter to reach the seafloor: In particular, fine-

grained sediments are associated with high organic -carbon contents because
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most organic particles (including bacteria) are hydrodynamically equivalent to
the clay and silt fraction. The organic matter usually originates from both
aquatic (marine, brackish, and freshwater) and terrestrial sources, and can vary
widely in composition. However, it is imperative for the formation of black shales
that the organic matter becomes preserved, regardless of its sources. All
organic matter is unstable and hence susceptible to oxidation and biochemical
decomposition during transport and settling. The degree of susceptibility
depends largely on the chemical properties of the organic matter; nitrogen- and
hydrogen-rich (afiphatic) components are preferably consumed by animal and
bacteria because they provide more energy. There are two primary
mechanisms, one chemical and one physical, which lead to enhanced
preservation. The presence of anoxia in the bottom water is probably the most
important factor (Demaison and Moore, 1980) because the resulting absence of
benthic life may inhibit one major remineralization process of organic matter
(Meyers, 1997). Anoxia emerges when the demand of oxygen for bacterial
decomposition of organic matter exceeds the supply. As a consequence, other
oxidants (e.g. sulfate) are used by anaerobic bacteria, producing H,S that is
toxic to most species. The formation of organic carbon-rich sediments is
therefore often attributed to episodes of anoxic bottom waters, particularly in
response to extreme climate changes. Early discussion on the preservation of
organic carbon in sediments has largely been based on material from the mid-
Cretaceous of the Central and North Atlantic. Two models have been discussed
by many authors [e.g. Schianger and Jenkyns, 1976; Thiede and van Andel,
1977; Brumsack, 1980; Demaison and Moore, 1980; De Graciansky et al,,
1984 Stein et al., 1986; Pedersen and Calvert, 1990, Caplan and Bustin, 1999;
Saelen et al., 2000; Nijenhuis et al., 2001; Rohl et al., 2001]. The “stagnation
model” involves a stratified water mass, where a low rate of circulation,
especially vertical circulation, ultimately results in oxygen deficiency of the
bottom waters. High preservation of organic matter results from the absence of
oxygen, rather than high primary productivity. Modern examples are the Black
Sea and Lake Tanganyika (Huc, 1988). The “productivity modef' assumes

increased rates of marine productivity that stimulate oxygen consumption by
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aerobic bacteria, causing an oxygen minimum zone (OMZ) just below the zone
of primary production. When the OMZ expands and impinges on the seafloor
the bottom waters become dysoxic or suboxic and enhance preservation of
organic matter. This model requires high nutrient supply and sufficient sunlight,
as has been observed in upwelling areas such as offshore Peru (Suess and
Thiede, 1983; Pedersen and Calvert, 1990). Rapid burial of organic matter may
also lead to enhancing preservation, because biochemical decomposition by
bacteria is most prominent in the upper 0.5 meters of the sediment. Whereas a
high rate of clastic input may have a dilution effect on the organic carbon
content, increased supply of terrigenous (woody) organic matter seems to be an
important mechanism to enhance accumulation and preservation of organic
carbon in some marine sediments (Stein et al., 1986).

Under certain conditions organic carbon-rich sediments may become
petroleum source rocks (Tissot and Welte, 1984; Boussafir and Lallier-Vergés,
1997; Welte et al., 1997). A minimum organic carbon content of = 1 % by weight
and an elevated amount of hydrogen-rich components are required for the
formation of petroleum source rocks. These components may be derived by
selective preservation of lipid-rich OM beneath anoxic bottom waters, or by
polycondensation of bio-macromolecules of various sources (e.g. Tissot and

Welte, 1984).

1.2. Main objectives

The primary goal of this work was to identify the mechanisms that may have
controlled input, accumulation, and preservation of organic carbon-rich
sediments in high northern paleolatitudes during the late Jurassic-early
Cretaceous interval, and their significance for paleoenvironmental
reconstruction. Sedimentary organic matter has its precursors in different
marine and terrestrial sources, which response directly and indirectly to
paleoenvironmental changes. These responses become eventually preserved

in the sediment, and so may act as a paleoenvironmental logbook. The
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formation of organic carbon-rich sediments is often attributed to distinct periods
in the geological past, where a special configuration of paleogeographic,
paleoceanographic, and paleoclimatic conditions existed (see section 1.1).
Such conditions have prevailed particularly during the late Mesbzoic, where
black shale formation is documented from many parts of the oceans, e.g. during
the Cenomanian-Turonian boundary event (CTBE black shales). These events
are connected to the worldwide development of anoxia during the long mid-
Cretaceous magnetic “normal” episode, which is marked by a relatively high
sea level (Fig. 1-1). Much has since been reported of sediments which were
deposited during the mid-Cretaceous, especially from the central and southern
North Atlantic, and the South Atlantic Ocean (e.g. Arthur et al., 1987; De
Graciansky et al., 1984, Stein, 1990; Stein et ai., 1986; Demaison and Moore,
1980; Wagner, 2002; Sinninghe Damsté and Koster, 1998). It has been also
reported from these and many other studies that formation of black shales is not

limited to the mid-Cretaceous or periods of high sea level.

The Jurassic and Cretaceous periods periodically underwent significant
climate changes from “ice-house” to “greenhouse” conditions, replacing the
somewhat antiquated view of constant equable warmth and sluggish oceanic
circulation during the late Mesozoic (e.g. Hay, 1995; Hay et al. 1999, Price et
al., 2000; Mutterlose and Kessels, 2000; Mutteriose et al., 2003). The higher
latitudes have recently received much attention, because there climate changes
should be more clearly reflected in the sedimentary record. The northern North
Atlantic is of special interest because in the late Jurassic to early Cretaceous
large amounts of organic carbon-rich sediments accumulated in the shallow
margins of the opening part of this ocean (e.g. Larsen et al., 1990; Leith et al,,
1990; Doré, 1991; Hay, 1998). The formation of these black shales occurred
during times of an exceptionally low sea level (Haq et al., 1988; Hay, 1995;
Jongepier et al., 1996; Brekke et al., 1999), which is reflected by the occurrence
of shallow-marine and non-marine sediments in large parts of Europe, e.g. the
Wealden facies. Due to this situation, the late Jurassic to early Cretaceous was

also characterized by a distinctive provincialism of marine biota and a clear
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differentiation into the Tethyan and Boreal realms (e.g. Mutteriose et al., 20083).
Much work has since been focussed on sediments from various localities in NW
Europe, France, ltaly, Romania, and Poland; however these locations reflect
paleolatitudes, which were below 30° N during this time. The Norwegian-
Greenland-Seaway provides the rare opportunity to compliment these sites with
material from true high paleolatitudes, connecting the northwestern Tethys and
the proto-Arctic seas. Due to the extreme meridional extension of the seaway it
should be possible to reveal changes in the paleoenvironmental conditions, and
probably different mechanisms of black shale formation between the Boreal and
Arctic realms. Four locations were selected that represent paleolatitudes from
42° N up to 59° N along the Norwegian continental shelf into the south-central

Barents Sea.

1.3. The Norwegian Greenland Seaway

The Norwegian Greenland Seaway (NGS) is the Mesozoic ancestor of the
modern northern North Atlantic, which is bounded by Greenland and Norway at
its flanks and extends more or less from Rockall and Hatton Banks to Svalbard
(Fig. 1-2). The primary structural elements of the Norwegian-Greenland-Seaway
(NGS) were defined during the Caledonian orogenesis by the collision of
Laurentia and Eurasia, forming the “Oid Red Continent” in the Devonian (e.g.

Brekke, 2000).
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Fig. 1-2 Suggested paleogeographic situation of the Norwegian-Greenland-Seaway during the
Early Cretaceous (modified after Larson, 1987; Ziegler, 1988; Doré, 1992; Jongepier et al., 1996;
Brekke et al., 1999; Hay et al., 1999; Brekke, 2001; Mutterlose et al. 2003).

The overall NE-SW structural trend, which has been established during the
formation of the metamorphic basement, played a crucial role during the later
re-opening between the two continental blocks. As the impulse from the first
opening of the Central Atlantic Ocean in the Jurassic reached the collapsing

Caledonian Orogen, a long episode of extensional tectonism along the
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continental boundaries was initiated, beginning with intra-plate continental rifting
(e.g. Doré, 1991). Although Greenland still formed a continuous unit with the
Scandinavian part of Europe by sharing the Caledonian basement, continuous
pulses of extension and subsidence eventually allowed water masses to enter
the region from the north and the south. By the late Jurassic an aimost 2000 km
long NE — SW oriented epicontinental marine passage was well established —
the Norwegian-Greenland-Seaway [e.g. Larsen et al., 1990; Ziegler, 1988; Hay
et al., 1999; Kazmin and Napatov, 1998; Brekke et al., 1999; Mutterlose et al.,
2003] (Fig. 1-2). Through subsequent Jurassic and Cretaceous times a
fundamental differentiation into basins, bounding platforms, and marginal highs
started within the seaway, e.g. the Vegring Basin, the Mgre Basins, and the
Trendelag Platform, which still dominate the modern Norwegian Sea (e.g. Doré,
1991; Brekke, 2000). The tectonic activity through this period aiso left its mark
on older sediments, e.g. the sub-arcosic sandstones of the middle Jurassic
Garn Formation, which now provides important petroleum reservoir units [e.g.
Storvoli et al., 2002]. Whereas the existence of the seaway was
unquestionable, its extension provided some controversy. Early reconstruction
of the seaway included space for the Vering Plateau [e.g. Barron et al, 1981],
because an overlap of such a large section (60.000 km?) with Greenland was
unacceptable. Hence, the seaway was estimated to be about 300 to 450 km
wide [e.g. Ziegler, 1988; Doré, 1991]. Using the reconstruction of Hay et al.
(1999), and considering that deep-sea drilling revealed a much younger,
Eocene age for the Vgring Plateau [e.g. Thiede, 1980] the true width of the
early Cretaceous seaway may have been only 200 to 300 km. During the [ate
Jurassic to early Cretaceous the NGS was one of only two connections
between the proto-Arctic Ocean and the Tethyan realm, the other being across
the Russian Platform. Due to its long meridional extension it may have played a
crucial paleoceanographic role as a conduit for heat transport and exchange of
water-masses between the low and high latitudes [e.g. Kazmin and Napatov,
1998, Gradstein et al., 1999; Hay et al., 1999; Mutterlose et al., 2003] (Fig. 1-2).
The other seaway was further east, left ending from the present Caspian region

northward along the western margin of the Ural, and via the Moscow Platform
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into the Barents Sea (e.g. Hay et al.,, 1999) (Fig. 1-3). It is uncertain whether
this shallow seaway was always open, which is particularly questionable during
the Jurassic-Cretaceous transition. While the Tethys and the Pacific formed
large open oceans, only part of the North Atlantic from about the equator to 25°
N paleo-latitude (Azores Fracture Zone) was already open. The existence of a
shallow marine framework bounding the western European continental
landmasses from about 25° to 35° N paleo-latitude [e.g. Ziegier, 1988] is highly
speculative, and does not support a direct open connection between the North
Atlantic and the NGS. This is also supported by the fact that the Rockall-Hatton-
Bank was still closed to Greenland and Europe during that time [Hay et al.,

1999].

__South-Anyui Gulf

resumed land
hatlow merine sediments

! deeper merine sediments

Fig. 1-3 Paleogeographic situation of the seaways surrounding Eurasian continental
‘masses during the Early Cretaceous (modified after Ziegler, 1988 and Mutterlose et al.,
2003)

The Labrador Sea did not begin to open before the mid-Cretaceous magnetic-
quiet interval about 115 Ma ago [e.g. Larson, 1991; Mutterlose et al., 2003].

Stretching along the continental margins did not start until the late Cretaceous
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(80 Ma) when Hatton and Rockall Banks separated from Greenland, and from
each other [Hay et al., 1999]. The initial continental breakup between Eurasia
and Greenland occurred during the early Eocene, about 53.7 Ma (Chron 24B).
This initiated an episode of both intense compression and extension, which was
driven by plume-enhanced ridge push, and caused broad uplifts and
subsidence in the entire seaway [e.g. Lundin and Doré, 2001]. The principal
structural elements caused by the post-breakup deformation still dominate the
present region.

A large two-way current system that we observe in the present-day North
Atiantic did not exist in the fate Jurassic to early Cretaceous. This is primarily
owing to a different paleogeographic and paleoceanographic situation. The Guif
Stream, which is considered as the pace-maker of the modern global current
system, transporting warm, saline waters into the Arctic Ocean via the North
Atlantic Drift (NAD) and the Norwegian Current (NC) was not yet established
during this time (e.g. Hay et al,, 1999). Continental landmasses and structural
highs, such as the Iberian Massif and the Rockall-Hatton Bank, likely prevented
a direct connection between the tropical North Atlantic and the Norwegian-
Greenland-Seaway. Another important point is that the long axis of the Central
and North Atlantic tends to be more zonal (East-West), which is unfavorabie for
a significant heat transport towards higher latitudes. The formation of a paleo-
Arctic deep-water like the present one and its southward transport via the East
Greenland Current (EGC) was also very unlikely, because the paleo-Arctic
realm was about 2000 km north of those landmasses, which enclose the
present Arctic Ocean [e.g. Kazmin and Napatov, 1998; Hay et al.,, 1999]. A
southward flow of cold, low-salinity waters from the paleo-Arctic Ocean into the
NGS was inhibited by landmasses between Nowaja Semlja and NE-Greeniand
[e.g. Mutterlose et al., 2003]. Hence, a large two-way current system in the
Norwegian-Greeniand-Seaway similar to the present one is unlikely, because
the connection between the two large physical pumps (Central Atlantic and
Arctic Ocean) was probably blocked, both from the north and the south.
However, the long meridional NE-SW extension of the seaway itself provides

the potential for an exchange of surface waters and heat transport between



1. Introduction 11

fower and higher latitudes. Beyond that, there is still a suggested southeasterly
connection to the Boreal NW-Tethys, and a northeasterly connection via the
Barents Sea to the South Anyui Gulf (the paleo-Arctic Ocean) fe.g. Kazmin and
Napatov, 1998] (Fig. 1-3). During the late Jurassic the low sea level and the
emergence of structural highs and landmasses within the seaway [e.g. Doré,
1991; Brekke, 2000] may have limited a large meridional current system. Riley
and Tyson (1980) suggested that cooler water masses entered the seaway
from the north in early Cretaceous times, which would fit into the picture of
moderate “ice-house” conditions in the Valanginian [e.g. Price et al. 2000; Hay,
1995, Hay et al., 1999]. With sea-level rise and change to a more cool, arid
climate in the earliest Cretaceous (Late Volgian — Valanginian) [e.g. Mutterlose
et al., 2003] a merging of water-masses in the seaway probably favored the
development of a more complex current system. It is very likely that during this
period more warm, oxygenated waters from the Tethys region successively
entered the investigated sedimentary basins along the eastern seaway from the

south.

1.4. Research area

To the present day some of the sediments deposited during the late Mesozoic
represent important petroleum source rocks. The first exploration licenses in the
area were allocated in 1980 and during the next fifteen years the activity of
exploration and scientific studies increased both from the oil industry and
academic institutions. Aside from great advances in seismic, gravimetric, and
magnetic data a large number of sediment cores penetrating Cretaceous and
Jurassic strata were obtained. The continental margin of the present Norwegian
Sea consists of a complex sea-floor physiography, including different troughs,
ridges and basins that were primarily formed during and in respoﬁse to the main
tectonic episodes (late Jurassic, late Cretaceous, Eocene, Oligocene, and

Miocene).
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The primary structural elements in the Norwegian Sea are the NE-SW oriented
deep Cretaceous basins, e.g. the Vgring and Mgre Basins between 62° and 69°
present latitude, surrounded by paleo-highs and platforms, and the mainland
[e.g. Doré, 1991; Brekke, 2000]. To carry out this study four locations were
selected at almost regular intervals from the western Skagerrak along the
Norwegian shelf to the Barents Sea, reflecting a meridional transect of about
2000 Kkilometers (Table 1-1). The advantage of the selected core positions is
that the inner parts of the Scandinavian continental margin and the Barents Sea
have not been severely affected by the major tectonic processes since the late
Jurassic [Brekke, 2001; Bugge et al., 2002]. The post-Cretaceous continental
breakup occurred along the NE-SW axis of the seaway, the Senja Fracture

Zone, Hornsund Fault Zone, and into the Beaufort Sea [e.g. Lundin and Doré,

2001].

|

Site Latitude  |Longitude Water Depth Paleolatitudes
150 Ma 135 Ma{ 120 Ma
7430/10-U-01 |7412°N [30.14°E 338 m 54°N |55°N |56°N
6814/04-U-02 |68.39°N [14.09°E 1233 m 47° N  |48°N |50° N
6307/07-U-02 |63.27 °N [07.14 °E 290 m 42°N  |43°N  [45°N
13/1-U-02 57.48°N |08.12°E 505 m 38°N {39°N |41°N

Table 1-1  Latitudinal and longitudinal grid reference, water depth at drilling
site, and paleolatitudes of the sediment cores investigated.

Hence, the distances between the core locations remained relatively constant,
so that this transect reflects the paleogeographic configuration during late
Jurassic to early Cretaceous. A low sea-level during the Jurassic-Cretaceous
transition influenced the NGS by forming of a number of isolated epicontinental
seas along the shelf, e.g. the shallow Tregndelag Platform and its adjacent
basins [Ziegler, 1988; Jongepier et al., 1996; Bugge et al., 1999; Hansen et al.,
1991; Doré, 1991]. Fine-grained organic carbon-rich sediments were probably
deposited under dominantly anoxic conditions, e.g. the Spekk Formation in the

middie part and the correlating Hekkingen Formation in the northern part of the
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Norwegian-Greenland-Seaway, which can be traced laterally into the western
Barents Sea (e.g. Bugge et al., 1989; Smelror et al., 1998; Bugge et al., 2002)
(Fig. 1-3).
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Fig. 1-4 General lithostratigraphic units of mid- and upper Norway and the Barents
Sea (see Skarbg et al., 1988).
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Large volumes of relatively fine-grained clastic sediments were deposited in the
basins off mid-Norway and in the Barents Sea, whereas the structural highs are
characterized by condensed carbonates. A widespread hiatus in earliest
Cretaceous time is thought to be due to differential subsidence with local uplifts
and erosion (Surlyk, 1990; Brekke, 2000). Siliciclastic sedimentation prevailed
in the mid to high latitudes, while the Tethys was characterized by carbonate-
rich pelagic sedimentation. The sedimentary successions and their spatial
distributions found along the Norwegian shelf margin are presented in Figure 1-
4. In the southern parts dark claystones of Tithonian to Berriasian age are best
represented by the Spekk Formation. These black shale sequences are
successively overlain by gray and red marls of the late Berriasian to early
Valanginian Lange Formation. Further north, and in the central Barents Sea, a
similar trend from siliciclastic towards calcareous sediments can be observed by
dark, organic carbon-rich claystones of the Kimmeridgian to late Berriasian
Hekkingen Formation. These black shales are succeeded by marly limestones

of the early Valanginian to Barremian Kiippfisk Formation.

1.5. Time control

Stratigraphic control of marine sediments is essential for the purpose of
paleoenvironmental reconstruction. However, only a few methods are
applicable on consolidated sedimentary rocks as old as 140 million years. The
general problem of marine sediments containing thick laminated black shale
sequences is the relative scarcity of fossils within these sequences. In the
present case, short-term and long-term episodes of anoxic to dysoxic conditions
dominated the bottom waters, which resuited in the almost complete absence of
benthic fossils. Calcareous nannofossils and foraminifers show low to moderate
abundance in most of the cored sequences (Mutterlose et al., 2003).
Stratigraphic assess ment of the investigated cores was obtained from various
lithostratigraphic, palynological, and biostratigraphic investigations [e.g. Hansen

et al., 1991; Johansen et al., 1993; Mark et al., 1993; Mutterlose et al., 2003;
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Smelror, 1994; Smelror et al., 1998, 2001b; Vigran et al., 1998; Worsley et al.,
1988].

Period Linear Sedimentation Rate (cm/1000 years)
7430/10-U-01 16814/04-U-02 16307/07-U-02 [13/1-U-02

Early Barremian {0,1 0,6

Hauterivian 0,1 0,3 0,2

Valanginian 0,1 0,4 0,3

Ryazanian 0,2 0,6 0,3

Late Volgian 0,2 1,5 0,4 0,7

Middie Volgian 0,2 0,8 0,6 1.0

Early Volgian 0,1 0,6 0,8 0,9

Late 0,5

Kimmeridgian

Table 1-2  Linear sedimentation rates per stage for all cores investigated

Resulting linear sedimentation rates (LSR) of the investigated sediment
seguences using the time scale of Hardenbol et al. (1998) are summarized in
Table 1-2. A general overview of stratigraphic range, lithological thickness and
formational boundaries of the two cores from the mid-Norwegian shelf
(6307/07-U-02, 6814/04-U-02) and the one from the south-central Barents Sea
(7430/10-U-01) is shown in Figure 1-5.



1. Introduction

16

o
o T 7430/10-U-01 6814/04-U-02 6307/07-U-02
£ o & =
7] g v =
o 2 a2 o
{8 - =3 o
w o n < Quaternary
cover Quaternary Quaternary
cover cover
121.0
’ e e
, o
’ St
2 4 Pghgd
5 / -
4 ot 20 7
H ’ L /
=2 ’ [t ’
8 1 £ [ K
E 124.7 s S ot 25 7
o J/ £ § /
- , L i gy
5 ’ 2
3 ’ 5
4 =
, =
, ¥
’ 7 |
1285 7 N m [t 50 R
ol 5l S E ?| J
s| £ / X s ’
S 130.2 a2
ol &[5 1" =
o =1 'g ’ | Py
o £ s |/ // .
© ’
- 1320
o ’
. 2 !
=8 7
o} g / ond
= 7
57 /
£ M 19ad o
o} ~
= / i 48 ~~
= > 7 7 T e
51/ !
3 / 4
i 4 &
l / i
c
5 |13y g
s / £ o]
ct 8 / 3
S| 81, 3
B | & |/ E
o 'S
= 140.5 x
= c - 1 WY
[ ] 2 54\ 2
@ig = P A \ < @
S| - ’ N =
, / \ = s
=
/ AY
1435 \
! 1
/ e
25 , \
25 ’ o 3
£9 | 7 \
§|E5 1/ // v
€ ’ / v
5] / \
o £ 147.1 /l \
- B \
ol F c 4 Yo
8 ’ Vo
@ o / Yo
© 83 ’ \
>1 \
- \
’ vt
3 \ [
- & 150.7 \
gl 8 * £
y = \ i
hd \ <
R \ E
E|l=z| "~ N «
£ ~
SZE‘ H N v
~ \
154.4 [N A% S O N o IO X

13/1-U-02

Quaternary
cover

118

SubunitC

Subunit B

Subunit A2

“Chronostraligraphic ages (Gradstein and 0ge.  Legend
1996)

clayey sandstone-siltstone
silty-sandy claystone
claystone

mart

E limestoa
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1.6. Material and methods

1.6.1. Sampling

In total 648 samples were invéstigated from four cored sections taken along the

Norwegian continental shelf, from the Skagerrak north into the western Barents

Sea. A general overview of the sampling and processing is given in Figure 1-6.

whole core sampling 1-2m

[

IKU cores I

high-resolution sampling 2 - 10 cm

rock chip

kerogen
isolation: |————
HCI and HF 1oWTOC,

treatment,
grmdmg
pohshmg
MAT Fn nigal
LECO elemental Rock Eval 2 n g n fluorescence microscope
analyzer mass spectromet maceral analysis

Fig. 1-6 Sample treatment scheme and methods applied

The cores were initially collected and described by Sintef Petroleum Research
in Trondheim, Norway (former 1KU) in the course of several shaliow-drilling
projects carried out from 1985 to 1991 [Fjerdingstad et al., 1985; Arhus et al.,
1987; Skarbw et al., 1988; Rokoengen et al., 1988; Bugge et al., 1989, Lippard
and Rokoengen, 1989; Hansen, et al., 1991; Leith et al., 1992; Smelror et al.,
1994, 1998, 2001]. Locations including grid references and paleolatitudes are

summarized in Table 1-1. In a first approach we sampled the cores at an
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irregular spacing of about 1.5 to 2.0 m, depending on availability and condition
of the material. Assuming a mean sedimentation rate of 0.5 cm/1000 years
(Table 1.2), this would represent a time interval of about 300 — 400 ky allowing
detection of long-term trends. In a second approach, high-resolution analysis
was applied to the organic-rich sequences of core 6307/07-U-02, 6814/04-U-02,
and 7430/10-U-01 close to the Jurassic-Cretaceous boundary (Fig. 1-5, 5-1).
We sampled a few meters of each core at an interval of 2 and 10 cm, so
obtaining a time resolution of about 2 to 20 ky. With this it was possibie to
detect depositional changes at a relatively small scale, permitting recognition of

obliquity and eccentricity cycles.

1.6.2. Elemental analysis

Total carbon (TC), total nitrogen (TN) and total sulfur (TS) contents were
analyzed on homogenized samples using a LECO CNS-2000 and CS-400
elemental analyzer. The organic carbon content (TOC) was determined with a
LECO CS-125 elemental analyzer after carbonate was removed from the
samples using 12% hydrochloric acid. The carbonate content was determined
by inorganic CaO measurements with a CM-5012-CO, coulometer and
expressed as CaCQO,[cf. Lipinski et al., 2003]. To evaluate the reproducibility of

carbon and organic carbon data duplicates were measured routinely.

1.6.3. Rock-Eval pyrolysis

Rock-Eval pyrolysis of whole rock samples [cf. Espitalié et al.,, 1977; Peters,
1986] was performed with a Rock-Eval Il unit. This method is used to rapidly
evaluate the quantity, quality, petroleum-generative potential, and thermally
maturity of the associated organic matter (OM). The pulverized samples are
gradually heated in an oxygen-free helium atmosphere up to 550°C. In the first

stage easy-to-liberate hydrocarbons are measured with a flame-ionization-
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detector (FID) at 300°C (constant for 3 to 4 minutes) and are expressed as the
S1 peak in milligrams of hydrocarbons in one gram of rock. The more complex
kerogens are cracked during a programmed pyrolysis to 550°C at a rate of
25°C/min and deliver the S2 peak in milligrams of hydrocarbons in one gram of
rock. The third peak (S3) represents the milligrams of CO, generated during the
interval of 300°C to 390°C and are released from a molecular sieve after S2
detection is completed. The Hydrogen Index (HI) corresponds to the quantity of
pyrolizable hydrocarbons relative to the total organic carbon (TOC) and the
oxygen index (Ol) corresponds to the carbon dioxide liberated relative to the

total organic carbon and are expressed as:

(82 * 100)/TOC in [mg HC/g TOC]
(83 x 100) / TOC in [mg CO,/g TOC]

Hydrogen Index (H})

Oxygen Index (Ol)

These parameters were adapted to the Van Krevelen-diagram and used to
estimate the type 1 — IV kerogens (Espitalié et al., 1977; Peters, 1986) and the
source of the organic matter (marine vs. terrigenous). The interpretation of the
results provides different problems of which one is the “mineral matrix effect”
that influences argillaceous (clay-rich) rocks containing less than 0.5 wt. % TOC
[e.g. Peters, 1986]. Here, the Hl is likely to be too low and Ty, to high because
the pyrolytic organic compounds can be easily adsorbed by clay minerals,
especially illite and montmorillonite [Espitalié et al., 1980]. It is therefore
important to interpret Rock-Eval results under consideration of organic carbon

content and sedimentary facies.

1.6.4. Alternative kerogen typing

The S2/TOC relationship is used as an alternative way to estimate different
kerogen types, without interference by mineral matrix effects. The diagram is
limited to display type | to Il kerogen, because type IV kerogen does not

contain any S2 hydrocarbons. However, the intersection of the data point series
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with the TOC axis indicates the amount of “dead” organic carbon, which is in
fact type IV kerogen [e.g. Liniger and Schwark, 2001]. An example of a
S2/TOC diagram is presented in Figure 1-7. The fields of kerogen types are
separated by lines of a constant $2/TOC ratio, equivalent to a discrete Hi value

(HI = S2/TOC * 100).

1ro - :
5 e'l
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Figure 1-7 S2 against TOC diagram to determine kerogen types of the OM avoiding
mineral matrix effects. Good correlation indicates that the TOC is primarily controlled by
preservation and terrestrial/marine OM mixing (e.g. Langford and Blanc-Valleron, 1990,
Horsfield et al., 1994; Laniger and Schwark, 2002; Tribovillard et al., 2001). Intersection with
TOC indicates the percentage of ,dead" organic carbon, such as inertinite (e.g. Cornford et
al., 1998).

A high correlation coefficient () within a set of S2 and TOC values, not to be

confused with a high S2/TOC ratio (= Hl), is considered to indicate that TOC

accumulation is primarily controlled by selected preservation [Horsfield et al.,

1994], e.g. oxic to anoxic changes.

1.6.5. Maceral analysis

For a detailed study of the composition of the organic matter (OM) a qualitative

and quantitative microscopic determination of the organic particles (macerals)
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has been employed on selected samples. For this purpose small blocks of rock
were embedded in a 30 mm latex crucible with liquid epoxy resin and hardened
for 48 hours at 30°C. Some samples were additionally orientated parallel to the
bedding to detect particles, which appear very flat due to compaction in the
vertical profile. Samples were then gradually ground with 600, 800 and 1200
abrasive powder and finally polished with 9um, 3um and 1ym diamond paste
and 0.05 ym ALQO, paste on an automatic polish-grinding unit. Observation was
performed on a ZEISS Axioscop using reflected white light and fluorescence
light with biue light irradiation. Standard oil immersion objectives of 20x and 50x
maghification and oculars of 10-fold magnification were used. All photographs
were taken with a ZEISS AxioCam digital (fluorescence-) color video camera.
We usually distinguish between three maceral groups: vitrinite, inertinite and
liptinite (formerly exinite). The groups are subdivided into individual macerals,
e.g. telinite, cutinite, alginite or fusinite, representing different biological
precursors from land or water and were determined according to the
classification of Taylor et al. (1998). We differentiate between particulate
organic matter (POM), which was quantified by point counting and unstructured,
amorphous organic matter (bituminite), which was obtained by estimating the
area volume percentages. Four statistical accuracy at least 300 macerals were

counted on each sample using a 25-point cross-hair ocular.

1.6.6. Carbon isotope analysis

Different fractionation of 'C and "*C stable isotopes is a crucial geochemical
characteristic of all organisms. In general, the marine biomass utilizes oceanic
HCO; and produces organic carbon that is enriched in 8C, whereas the
terrestrial biomass utilizes atmospheric CO, by the C3 pathway, producing
organic carbon that is depleted in "*C [e.g. Waples, 1981; Arthur et al., 1985;
Muller et al., 1994; Meyers, 1997]. Based on the international Vienna PDB
standard [see Coplen, 1995] variations in the isotopic signature (5'°C) appear to

be a useful tool for estimating the sources of organic carbon in marine
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sediments. However, a major problem in the present work is that isotopic
fractionation in the Mesozoic appears to be substantially different from recent
sediments [Arthur et al., 1985; Rau et al., 1987; Dean and Arthur, 1999;
Hofmann et al., 2000; Seelen et al, 2000; Langrock et al., 2003b]. For example,
organic carbon derived from marine phytoplankton of Cretaceous and older
rocks is relatively depleted in "C, which results in a shift of 5 to 7%. to more
negative 8'°C.y; values than marine organic carbon in Holocene sediments.
The reason for this phenomenon, however, is still controversial and it is
suggested that photosynthetic "°C fractionation of marine phytoplankton was
more extensive in the Mesozoic than today [Arthur et al., 1985]. This was
probably a conseguence of the increased atmospheric CO, partial pressure,
which was six to eight times higher in the Cenomanian and Turonian than today
[e.g. Larson, 1991]. On the other hand, it is unlikely that diagenesis had a great
effect, because it did not produce a significant shift of 8"*Corg in Miocene to
Holocene sediments, and so probably did not during the Cretaceous [Dean et
al., 1986]. The strange isotopic “behavior” is most clearly reflected when 8'°Cng
values are plotted against the Hydrogen Index (Hl), obtained from Rock-Eval
pyrolysis. Langrock et al. (2003b) (chapter 3) demonstrated this “abnormal”
relationship between more positive 8*Corg and low HI values, and more
negative 8'*Cqrg and high Hi values. As a consequence, organic petrography
was applied and revealed that more negative 8'°Cgrg values indicate organic
matter was derived from marine-aquatic sources, and more positive 8"*Cgqg
values indicate organic matter was derived from terrestrial sources. In general,
and particularly in late Mesozoic sediments, §'°Corg data may be inconsistent

and produce contradictory results when used independently.
1.6.7. Application of C/N ratios

The C/N ratio can be used to estimate the relative proportions of terrestrial and
marine organic matter, because different groups of organisms contain different
organic carbon and nitrogen contents (Meyers, 1997, and references therein).

The average C/N ratio for most lower plants, marine animals, and bacteria is
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less than about 10, whereas higher plants, such as Zostera (aquatic grass) and
deciduous trees, are characterized by C/N ratios of more than 15 and 25,
respectively (e.g. Scheffer and Schachtschabel, 1984). However, the
application has some constraints because the ratio, which is supposed to be
Conra/Nore, is Usually measured and given as Cgopg/N;or. It must be considered
that in organic carbon-poor sediments the inorganic nitrogen fixed in clay
minerals becomes a major portion of the total nitrogen content [Stein et al.,
1994; Schubert, 1995], resulting in low Core/N1or ratios. For this purpose Nogg
content was determined by two separate measurements in a LECO CN-2000
elemental analyzer after the organic fraction was removed by combustion in

one set of samples.

Variance of C/Ntor and C/Ngprg ratios

S0 T T T 1T T+t Fig.1-8 Differences between
CORG/NTOT and CoRglNoRG ratios.
Increasing difference from the
equation line indicates a higher
amount of inorganic nitrogen, e.g.
from clay minerals. The samples
with the higher amount of
inorganic nitrogen have lower
organic carbon contents. if the
increasing amount of clay
minerals represents a higher
sediment input this may suggest a
dilution effect. Moreover, this
effect appears more severe in
core 13/1-U-02 (more oxic
environment) and less severe in
core 7430/10-U-01 (anoxic
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This is particularly reflected by the sediments of the present work, showing that

Core/Norg ratios are much higher compared to Cyre/N1or ratios in samples with

low TOC content than in samples with moderate, or high TOC content (Fig. 1-

8). As aresuit, a sample (1.2 % by weight TOC) with a Cyre/N1oy ratio of 21 will

have a true Cypa/Nogrs ratio of 30 when using organic instead of total nitrogen

(center, dashed line). On the other hand, a high Cure/Nior ratio may be
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generated due to increased marine productivity, because nitrogen compounds

are preferably utilized in the water
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column, especially in upwelling areas. In restricted environments, such as
anoxic basins or lakes, the Core/N+or ratio is reported to be inconsistent, or
even inverted. In the absence of oxygen bacterial utilization of nitrogen may be
strongly enhanced, decreasing the Core/N1or ratio [LUniger and Schwark, 2002;
Twichell et al., 2002; Langrock et al., 2003a,b]. As a result, most sediments
investigated in the present study show a positive correlation between C/N ratios
and the amount of hydrogen-rich organic matter derived largely from marine-

aquatic sources (Fig. 1-9).

1.7. Individual Studies

The following three chapters report on different aspects of the present study.
Each chapter represents a paper, which is already published or pending for
publication in a peer-reviewing international journal. The following paragraphs
give a brief overview of each paper. For convenience, references were removed
from these chapters and included into the main reference list at the end of the

present work — chapter 7.
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In Chapter 2 “Palecenvironment and sea-level change in the early Cretaceous
Barents Sea — implications from near-shore marine sapropels” the depositionatl
environment and long-term paleoceanographic changes of the late Jurassic
Hekkingen Formation from the central Barents Sea were approached by
detailed geochemical and organic-petrographic investigation. These
exceptionally organic carbon-rich sapropelic shales have likely formed in a
stratified epicontinental basin with an almost completely anoxic water column
and display very good petroleum generative potential. Detailed maceral
analysis indicates proximity to land in the central Barents Sea during this time
and a continuous sea-level rise through the late Volgian. No evidence was
found that the Mjginir meteorite hit the Barents Sea before the top of our

investigated sequence.

In Chapter 3 “Late Jurassic to early Cretaceous black shale formation and
paleoenvironment in high northern latitudes — examples from the Norwegian-
Greenland Seaway” a combination of organic petrography and organic- and
inorganic-geochemical analysis was applied to investigate changes in the
accumulation of organic carbon-rich sediments from low to high northern
paleolatitudes. Three examples from the Norwegian-Greenland-Seaway reflect
the heterogeneity of black shale formation, its different controis, and its
sensitivity to long-term sea-level changes, which eventually lead to its
successive termination. Stable isotope analysis of organic carbon confirmed
earlier observations on late Mesozoic sediments with respect to the opposite

signals of the marine and terrestrial biomass relative to Recent sediments.

In Chapter 4 “Origin of marine petroleum source rocks from the Late Jurassic to
Early Cretaceous Norwegian Greenland Seaway — evidence for stagnation and
upwelling” origin, accumulation and preservation of potential petrcleum source
rocks from the Hitra Basin (southern Trgndelag Platform) and the Ribban Basin
(west of the Lofoten ridge) were investigated based on a detailed petrographic

examination. Common proxies were combined with results obtained from
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geochemical and sedimentological studies to gain new insights in the fate of the
organic matter in the nascent Norwegian Sea and its potential for generating
petroleum. Due to recent progress in sedimentation rate estimates,
accumulation rates and paleoproductivities of organic carbon were calculated.
Resuits were surprisingly clear and suggested that black shale formation
followed fargely two opposite depositional models, e.g. the “stagnation model”

and the “productivity modei”.
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Abstract

The late Volgian (early “Boreal” Berriasian) sapropels of the Hekkingen
Formation of the central Barents Sea show total organic carbon (TOC) contents
from 3 to 36 wt%. The relationship between TOC content and sedimentation
rate (SR), and high Mo/Al ratios indicate deposition under oxygen-free bottom
water conditions, and suggests that preservatibn under anoxic conditions has
largely contributed to the high accumulation of organic carbon. Hydrogen index
values obtained from Rock-Eval pyrolysis are exceptionally high, and the
organic matter is characterized by well-preserved type Il kerogen. However, the
occurrence of spores, freshwater algae, coal fragments, and charred land-plant
remains strongly suggest proximity to land. Short-term oscillation probably
reflecting Milankovitch-type cyclicity are superimposed on the long-term trend of
constantly changing depositional conditions during most of the late Volgian.
Progressively smaller amounts of terrestrial organic matter and larger amounts
of marine organic matter upwards in the section may have been caused by a

continuous sea-level rise.
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2.1. Introduction

The late Jurassic — early Cretaceous time interval is characterized by low North
Atlantic spreading rates, which resulted in a relative sea-level low-stand. This
increased the prominence of shallow marine basins along the continental shelf,
thereby promoting the development of restricted depositional environments, and
favored the accumulation and preservation of Organic matter. As a result, dark-
colored organic carbon-rich sediments, so-called black shales, occurred widely
during this period, e.g. in the marginal seas of the North Atlantic (e.g. Schlanger
and Jenkyns 1976; Stein 1986; De Graciansky et al. 1987), along the
Norwegian-Greenland-Seaway (e.g. Doré et al. 1991; Smelror et al. 2001b;
Mutterlose et al. in press), and in the adjacent Barents Sea (e.g. Bugge et al.
1989; Bugge et al. 2002). The formation of black shales is often attributed to
“oceanic anoxic events” (OEAs) on a global scale, e.g. during the
Cenomanian/Turonian, which is characterized by a relatively high sea-level
stand (e.g. Arthur et al. 1987; Erbacher et al. 2001). The Cretaceous Barents
Sea was located in a high paleo-latitude realm (e.g. Haq et al. 1988; Hardenbol
et al. 1998; Street and Brown 2000) and was dominated by fine-grained clastic
sediments with thick black shales sequences (e.g. Worsley et al. 1988; Ziegler
1988). Some of these shallow marine black shales have received much
commercial attention in the past because of their high petroleum source rock
potential (e.g. Johansen et al. 1990; Larsen et al. 1990; Leith et al. 1990). Much
of the scientific interest in these sequences was also raised by the Mjglnir
meteorite (e.g. Gudlaugsson 1993; Dypvik et al. 1996), which impacted the
paleo-Barents Sea close to the Volgian — Ryazanian (early/late Berriasian)
boundary 142 + 2.6 Ma ago (e.g. Smelror et al. 2001b). Core 7430/10-U-01 is
Iocat_ed only 30 kilometers off the outer rim of the impact crater, and comprises
the late Kimmeridgian to early Ryazanian Hekkingen Formation (e.g. Worsley et
al. 1988; Bugge et al. 1989; Arhus et al. 1990), of which the late Volgian
sequence (Fig. 2-2a for age control) shows an exceptional suite of organic
carbon-rich laminated black shales, which are actually marine sapropels. The

section from 47.65 to 46.85 meters below seafloor (m.b.s.f.) forms the so-calied
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“ejecta-unit” assigned to the meteorite impact (e.g. Dypvik et al. 1996), but there
are new indications, which suggest that the impact may have occurred eatrlier,

probably below 50 m.b.s.f. (Smelror et al. 2001b)
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To obtain information about the origin of the late Volgian sapropels of core
7430/10-U-01 and their relation to palecenvironmental and sea-level changes,
as well as their possible relation to the Mjginir meteorite impact, a detailed

organic geochemical and microscopic study has been performed

2.2. Material and Methods

Geochemical and microscopic investigations were carried out on selected
samples from the organic carbon-rich Hekkingen Formation of core 7430/10-U-
01. The core was taken at 74° 13” N and 30° 14" E on the Bjarmeland Platform
in the central Barents Sea north of the Nordkap Basin (Fig. 2-1) in a wate} depth
of 335 m, and penetrated 57.10 m of late Jurassic to early Cretaceous bedrock.
The drilling was performed by Sintef Petroleum Research Norway (former |[KU)
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in the year 1989. Total carbon (TC), total organic carbon (TOC), total nitrogen
(TN), and total suifur (TS) were measured on 148 samples after combustion
using LECO CS-240 and CNS-2000 elemental analyzers, including 126
samples of a high-resolution section from 51 to 49 m.b.s.f. TOC was measured
on a LECO CS-400 after carbonate was removed with hydrochloric acid. All
TOC results were re-checked by CaO (total inorganic carbon TIC) determination
on a CM-5012 CO2 coulometer (e.g. Engleman et al. 1985) using the equation
TOC = TC - TIC. Estimates for quantity, quality, and maturity of the organic
matter were drawn from hydrogen index (HI) values, oxygen index (Ol) values,
S2 values, and Ty.y values obtained from Rock-Eval pyrolysis (cf. Espitalié et
al. 1977; Peters 1986). HI and Ol sighatures allow a rough distinction between
algal/marine (types | and Il kerogen) and woody/terrestrial (types Il and IV
kerogen) organic matter. Properties of the particulate organic matter, such as
type, abundance and degree of preservation, can provide most valuable
information about sources (marine, lacustrine, or terrigenous) and conditions
under which the OM was deposited (oxic, dysoxic, or anoxic).

For a more detailed qualitative and quantitative determination of the
particulate organic matter, a petrographic analysis on 15 selected whole rock
samples was conducted by reflected light microscopy using white and
fluorescent light. For statistical accuracy at least 300 macerals were counted in
each sample using a 25-point crosshair grid. We can generally distinguish
between terrestrial (vitrinite, vitrodetrinite, inertinite, sporinite, and resinite) and
marine/aquatic macerals (alginite, liptodetrinite, and acritarchs/dinocysts)
following largely the nomenclature described in Taylor et al. (1998). For
example, vitrinite and inertinite are derived from relatively hydrogen-poor
(woody) land plant remains, whereas sporinite is a collective term for spores
and polien, which, although originating from terrestrial sources, may contribute
to a relatively nitrogen- and hydrogen-rich sediment. Resinite is a product of
waxy, fatty, or oily substances, which also originates from iand plants. Alginite,
on the other hand, may be differentiated in marine (e.g. marine prasinophytes),
more cosmopolitan (e.g. dinocysts and acritarchs), or freshwater genera (e.g.

Botryococcus), which commonly produce hydrogen-rich types | and I kerogens.
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Particles that are smaller than 5 - 10 yum are given the suffix “detrinite”, butit is
often hard to specify their origin.

In addition to the organic matter, all major and trace elements were
determined by XRF and/or ICP-MS analysis (see Mutterlose et al. in press), but
in this paper only Mo/Al ratios were used to indicate bottom-water anoxia. To
support this, pyrite size distribution is used for evaluating bottom-water redox
conditions in ancient sedimentary rocks (e.g. Wilkin et al. 1996, 1997).
Framboidal pyrite in sediments of modern anoxic basins, e.g. the Black Sea, is
typically smaller and less variable in size than those in sediments underlying an
oxic or dysoxic water column. A semi-quantitative analysis on five samples was
carried out under the microscope to determine the proportion of framboidal

pyrite in the total amount of pyrite, and its size distribution.

2.3. Results

The Hekkingen Formation core has TOC contents that vary widely from 5 to
more than 20 wt% with a prominent maximum of 36 wt% at about 50 m.b.s.f.
(Fig. 2-2a). There is a continuous increase towards this maximum, followed by a
similar decrease (Fig. 2-2b). The late Volgian — early Ryazanian section (51 -
49 m.b.s.f.) was investigated in greater detail by high-resolution analyses (118
of the total 144 samples) to elucidate what may have caused and controlled the
dramatic increase in organic carbon enrichment and preservation. To obtain
information about the type of organic matter, several independent parameters
were considered including C/N ratios, Hl and Of values, and especially, maceral
composition.

Results of TOC content, Rock-Eval S2 and HI values, C/N and Mo/Al ratios are
compiled in Figure 2-2b, and all show a high positive correlation. C/N ratios
range from 20 to 50, which would commonly indicate a strong terrestrial signal
in the case of modern sediments (see below). Mo/Al ratios are very high (10 -
40 x 10*) compared to average shale (e.g. Wedepohl 1970), and approach

maximum values of 120 x 10 where all parameters reveal their maximum. Hl
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values of 400 — 600 mg HC/g TOC and low Ol values (= 20 mg CO,/g TOC)

were plotted as a van Krevelen-type diagram (Fig. 2-3), which indicates

predominantly types | and Il kerogen with a very good source rock potential for
oil (cf. Espitalié et al. 1977; Peters 1986). Thermal immaturity of the organic
matter is evident in Tyax values of 410 — 430°C (Langrock and Stein 2001;

Mutterlose et al., 2003).
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Figure 2-2 (a) Core depth, stratigraphic correlation (e.g. Gradstein et al. 1998; Smelror et al.
1998), lithology and regional formational limits of core 7430/10-U-01 showing TOC contents
of the whole core, and a high-resolution sequence (extracted box). (b) High-resolution
section from 51 to 49 m.b.s.f. showing down-core variations in TOC content, Rock-Eval $2
and HI values, and C/N and Mo/Al ratios. Maximum peaks are highlighted by shaded lines.
Spacing between peaks may represent app. 100 ka, revealing changing sedimentation rates
(based on 0.2 cm/per 1000 vears).

The maceral compositions of the sediments are dominated by lipid-rich organic
matter derived from different marine/aquatic sources (Fig. 2-4), supporting the
type ll kerogen characterization by Rock-Eval pyrolysis. Massive occurrences of
well-preserved marine Prasinophycean algae (mainly Leiosphaeridia), minor
abundance of juvenile Botryococcus-type algae (freshwater), a few Tasmanites-

type algae (brackish), and Reinschia-type algae (freshwater puddie), as well as
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a few low-diverse dinocysts (or acritarchs) were recorded at various depths.
The terrigenous organic matter is mainly composed of terrestrial liptinite

(sporinite, and resinite), which may also contribute to the high HI values.
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Figure 2-3 Rock-Eval van Krevelen-type diagram shows dominantly type | and | kerogen,
which may represent algal/marine OM of different preservation, or a mixture of fresh
algal/marine and lipid-rich terrigenous OM (e.g. spores, resins).

Inertinite, vitrinite, and clasts of bituminous coal are less abundant. However,
vitrinite and inertinite particles are occasionally up to 150 ym in length and well
preserved. Most inertinite may be derived from charred plants (fusinites), and
fungal spores (funginite). We particularly observed a continuous upward
decrease of inertinite plus sporinite (which seem to be closely related in this
case) along with an increase of marine-derived alginites (from about 60 % at 52
m.b.s.f. to more than 95 % at 50 m.b.s.f.). The amount of vitrinite and
vitrodetrinite does not exceed 5 % and remains relatively stable throughout this
sequence. A vast abundance (up to 15 voi% of the sediment) of small-sized
pyrite framboids appeared with diameters of 4 to 5 ym, implicating small
absolute sizes, and a low size variability. In Fig. 2-2b the maximum peaks of all
values appear in a more or less regular interval (shaded bars), which probably
reflect a cyclicity. Based on a mean sedimentation rate of about 0.2 cm/1000
years for the late Volgian (Smelror et al. 1998, 2001; Mutterlose et al. 2003) this

frequency may represent the 100 ky orbital Milankovitch cycle. The different
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thickness of the intervals may then be a result of little variations in the

sedimentation rate.
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Figure 2-4 Organic matter composition based on maceral analysis results against depth (note this
section ranges from 52 to 49 m.b.s.f.), and the correlation to the global sea-level curve suggested by

Hagq et al. (1988).
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2.4, Discussion and conclusions

2.4.1. Depositional conditions

The causes for the deposition of organic carbon-rich sediments in Cretaceous
marine environments have been controversial for a long time. Several authors
favor basin-wide to global “stagnation” of deep waters, e.g. deep basins with
reduced vertical circulation that inhibits a renewal of water masses (e.g.
Brumsack 1980, 1988; De Graciansky et al 1987). Others explain the
occurrence of these black shales by an increased oceanic “productivity” that
may lead to the formation of oxygen minimum layers, which impinge on the
seafloor (e.g. Schlanger and Jenkyns 1976). Furthermore, increased supply of
terrigenous organic matter seems to be an important mechanism for the
enrichment of organic carbon in some Mesozoic sediments (e.g. Stein et al.
1986, Stein 1991). However, contents of lipid-rich organic carbon in the
sedimentary record as high as 36 wt% can hardly be explained without invoking
a combination of elevated primary productivity, improved organic matter
preservation, and limited dilution by clastic material from the continents.

The dark, laminated, and non-bioturbated sequence of core 7430/10-U-01
indicates a lack of benthic life and the absence of bottom-water oxygen, which
inhibits a major part of the whole organic matter remineralization process that
occurs at the sediment surface. In addition, the high amount of uniformly smali
framboidal pyrite suggests that pyrite was almost exclusively formed within the
water column. Consequently, not only the sediments surface but at least part of
the water column was (at least frequently) anoxic, which may have enhanced
OM preservation. This situation is also reflected by high TOC and HI values,
and the abundance of well preserved autochthonous algal organic matter. The
extraordinarily high Mo/Al ratios suggest that anoxic conditions extended
beyond the sediment surface (e.g. Brumsack 1980, 1988; Mutterlose et al. in
press). The expansion of anoxia in the water column due to fluctuations in sea

level and surface productivity may also lead to mass extinctions (e.g. Hallam
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and Wignall 1999), not only of primary producers but also of vast amounts of
aerobic bacteria, which contribute to high TOC and HI values.

In recent and sub-recent marine environments, a high C/N ratio is often
interpreted as an indicator for terrigenous (woody) organic carbon input (e.g.
Stein 1991; Meyers 1997). In our case, however, the high C/N ratios correlate
positively with the TOC, HI, and Mo/Al ratios, which are considered as
indicators for marine (lipid-rich) OM and anoxia. Positive correlation between
high TOC contents, marine organic carbon, and high C/N ratios is also reported
from other organic carbon-rich sediments (e.g. Meyers 1997; Twichell et al.
2002), which may reflect enhanced paleoproductivity and/or improved
preservation of OM. It is thereby considered that during sinking partial
degradation of algal OM may selectively diminish N-rich proteinaceous
components, and raises the C/N ratio. This may, of cause, be a direct response
to enhanced primary productivity but probably requires greater water depths
and a more oxic water column. Also nitrogen can become strongly recycled if
the supply of nutrients is limited (e.g. Waples and Sloan 1980), e.g. in isolated

stratified basins, which may also raise the C/N ratio.
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Figure 2-5 TOC/SR relationship shows different fields of depositional conditions for marine
sediments (cf. Stein 1990). Field A is characterized by a positive correlation between TOC
content and sedimentation rate indicating open oxic deep-water conditions. Field A" indicates
conditions of high oceanic primary productivity. Field B indicates anoxic depositional conditions
where no correlation exists between TOC content and sedimentation rate. Sedimentation rates
are given as initial (or decompacted) SR, (c.f. Stein 1980 for details). The open box represents
the field of most likely depositional conditions of the investigated sequence based on
minimum/maximum SR, values (interpolated, estimated), and minimum/maximum TOC contents
(measured).
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However, maceral analysis has clearly shown that high C/N ratios do not
indicate an increased terrigenous input but instead likely reflect greater OM
preservation due to anoxia. Very low sedimentation rates in the late Volgian of
core 7430/10-U-01 indicate that clastic dilution is strongly limited and that OM
preservation was not controlied by rapid burial. In combination with very high
TOC contents deposition in the presence of anoxic bottom water is the most
reasonable mechanism rather than under conditions of high primary production
(Fig. 2-5) (e.g. Stein 1991). For a high primary productivity system 10 to 50
times higher initial sedimentation rates would be required (according to Fig. 2-
5). It is unlikely that such large amounts of carbonate were dissolved in the
water column, because the average CaCQO, content is still 10 wt%. It has also to
be considered, however, that the age control on these sediments is very
difficult, and that a long-term mean sedimentation rate has to be used. It can
therefore not be excluded that periods of elevated primary productivity may also
have occurred (along with the peak TOC values). This would have favored OM
preservation by establishing an oxygen minimum zone (e.g. Arthur et al. 1987)
probably extending over the entire water-column (e.g. Sinninghe Damsté and

Késter 1998).

2.4.2. Sea-Level Change

In order to evaluate an effect of a global sea-level change on the accumulation
of organic carbon the section from 52 — 50 m.b.s.f. was investigated with a
detailed microscopic analysis, because it is associated with a continuous
change in the OM composition (Fig. 2-4). Over this depth interval a decreasing
amount of sporinite plus inertinite is apparent, which strongly suggests an
increasing distance from their terrestrial sources (e.g. Littke et al. 1997; Taylor
et al. 1998), probably associated with a sea-level rise (Fig. 2-6). Since the base
of the investigated sequence (52.00 m.b.s.f.) is assigned to the base of the late
Volgian (Smelror et al. 2001b), the change in the OM composition can be

correlated with the global sea-level curve postulated by Hag et al. (1988) (Fig.
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2-4). The upward-increasing amount of marine/aquatic alginite may reflect an
increasing primary production that was promoted by the rising sea level (e.g.
Sheridan 1987). Since the primary production is positively correlated with the
“anoxia parameters”, the variations are probably controlled by an additional
preservation signal, probably caused by an expanded oxygen minimum zone. In
summary, the remarkably high and increasing OM content in the late Volgian
section from the Barents Sea (core 7430/10-U-01) was most likely caused by a
combination of increasing preservation by bottom water anoxia, coupled with
periods of increasing primary production, as well as a low and decreasing

dilution of clastic material, which we relate to a marked rise in sea-level.

2.4.3. Paleogeographic Position

The analysis of the particulate organic matter provides strong evidence for a
depositional environment in proximity to the paleo-shore (Fig. 2-6) because high
abundance of spores and pollen is typically found in near-shore marine or
estuarine environments, and decrease substantially with increasing distance
from land (e.g. Littke et al. 1997; Taylor et al. 1998). The occurrence of well-
preserved algae (such as Botryococcus or Pila, Tasmanites, and Reinschia
types) from freshwater and brackish habitats further points towards a near-
shore environment. This is due to lipid-rich organic matter is more susceptible to
biochemical degradation than, for example, inertinite, and would therefore be
less preserved if transported over greater distances (e.g. Littke et al. 1997).
Furthermore, clasts of limnic coal facies, such as bog-head coal, show good
preservation and suggest short transport ways from their source. In addition,
patchy distributed, coarse-grained minerals (apparently quartz) are found as big
as 60 to 200 ym in diameter that could not have been transported along with
the claystone facies, but by another mechanism. Due to the patchy distribution
they might have been transported by episodic events, e.g. storms, but they are
too large to be transported far offshore (e.g. Fuechtbauer 1976). However, there

is another (though not yet proven) possible mechanism for the input of these
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large sand grains ~ by ice rafting. Episodes of a relatively cool climate were
already suggested for the earliest Cretaceous Boreal realm (e.g. Price et al.
2000; Mutterlose et al. in press), and another significant temperature drop was
postulated for the Hauterivian Vocontian Basin at 30° N paleo-latitude (e.g. Van
de Schootbrugge et al. 2000). Hence, episodic (or even seasonal) IRD input
cannot be excluded for the fate Volgian Barents Sea, which reveals a paleo-
latitude of almost 55° North.

According to previous paleogeographic estimates, the location of core 7430/10-
U-01 was at least 300 kilometers away from any coastline during the late
Jurassic to early Cretaceous (e.g. Ziegler 1988; Bugge et al. 1989; Dypvik et al.
1996; Smelror et al. 1998). However, our resuits suggest a much more proximal

position below wave base, which is indicated by the origin, the preservation,

and the grain size of the organic material.
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Figure 2-6 Contrasting paleoenvironments and depositional conditions of the upper Hekkingen
Formation best explained by the “preservation model” during low sea-level (lower Late Volgian)
and the “preservation + productivity model” during elevated sea-level (upper Late Volgian).



2. Paleoenvironnment and sea-level change...

40

During the relative sea-level low stand in the early late Volgian Barents Sea,
tectonic highs and basin ridges may have emerged as land areas, separating a
number of isclated, sediment-starved marine environments as has been
suggested for the Norwegian-Greenland-Seaway (e.g. Doré 1991; Brekke et al.
1999). Although such areas may have provided little clastic input by rivers due
to their limited sizes, they could have supported spore-producing fand plants
and freshwater habitats, which eventually became the proximal sources for the
organic matter of the upper Hekkingen Formation in the middle of the paleo-

Barents Sea.

2.4.4. Influence by the Mjolnir meteorite impact

Our investigation provides a continuous geochemical and microscopic record of
the upper Hekkingen Formation, and reveals no evidence for an impact event
before 50 m.b.s.f. in core 7430/10-U-01. In view of exceptionally low
sedimentation rates, drastic impact and/or post-impact effects caused by an
impact of this dimension (see Gudlaugsson 1993; Dypvik et al. 1996) on the
paleoenvironment, such as huge amounts of mobilized sediments, mass
extinctions (e.g. Tsikalas et al. 1998b), disturbance of water-column
stratification, extinction of case-sensitive organic matter sources, etc. would

have left distinct marks in the sedimentary record, which we could not detect.
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Abstract

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 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 to 7.0 wt.
%), and consist of thermally immature organic matter of type i to I/l 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
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preservation and an increase of refractory organic matter from the Volgian to
the Hauterivian is 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.

3.1. Introduction

High primary production of coastal waters, a stratified water column, anoxic
bottom waters, low influx of clastic material (low dilution), and high supply of
terrestrial organic matter may promote the formation of organic carbon-rich
sediments (Schianger and Jenkyns, 1976; Hallam, 1987; Calvert and Pederéé‘n,
1992; Meyers, 1997). Favorable conditions for the formation of argillaceous,
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, 1991a,b and references therein].
Widespread formation of black shales is reported from the Aptian/Albian and
Cenomanian/Turonian and is associated with “oceanic anoxic events” (OAEs)
[e.g. Arthur et al., 1987; Bralower and Thierstein, 1987; Larson, 1991b;
Schlanger et al., 1987; Sinninghe Damsté and Koéster, 1998]. Two principal
models have been under controversial 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 sea floor and thereby limit the
remineralization of organic matter on the sea-floor [e.g. Pedersen and Calvert,
1990, Caplan and Bustin, 1999; Saelen et al., 2000; Nijenhuis et al., 2001; Réhl
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 these studies are derived
from the “middle” Cretaceous low-latitudinal North Atlantic where black shale

formation is associated with a relatively high sea-level. Because the oil and gas



3. Late Jurassic to Early Cretaceous... 43

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” Cretaceous the Jurassic-Cretaceous boundary was
characterized by very low North Atlantic spreading rates, which caused a
second-order sea level low-stand [e.g. Haqg et al., 1988] and formed a large

number of restricted marine environments [e.g. Ziegler, 1988; Hardenbol et al.,

1998].

South-Anyui Gulf

L

| presumed fand

hallows marine sediments

; deeper marine sediments

Fig. 3-1 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. (in press). Abbreviations: 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.

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 Fennoscandia, which was more than 1500 km long and only 200
to 300 km wide — the Norwegian-Greenland-Seaway [e.g. Ziegler, 1988; Doré,
1991; Brekike et al., 1999; Hay et al., 1999; Mutterlose et al., 2003] (Fig. 3-1).
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The paleogeographic and paleoceanographic situation along the margins of this
seaway provided excellent conditions for the formation of black shales, which
became eventually petroleum 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, 2001; Mutterlose et al., 2003]. The high
petroleum generative potential of these late Jurassic to early Cretaceous
sequences is also supported by our data (Table 3-1; cf. 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 paleo-latitudes. In order to determine the primary
mechanisms that controlled the formation of black shales it was essential (1) to
assess the inorganic and organic geochemistry, (2) to determine the origin and
preservation of the organic matter, and (3) to characterize the depositional

conditions and its changes through time.

3.2. Material and analytical approach

We investigated 257 samples from 3 sediment cores drilled offshore of southern
and middie Norway (Fig. 3-1). The cores were initially collected and described
by Sintef Petroleum Research (former IKU) during economic shallow-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’ 42.78” N and 08° 12' 13.97” E in the
western Skagerrak about 50 km south of Kristiansand. Hole 6307/07-U-02 is
located 63° 27’ 54.35” N and 07° 14’ 44.26” E in the southern part of the Hitra
Basin (off Smola Island) some 120 km west of Trondheim, and hole 6814/04-U-
02 is located 68° 39’ 45.80” N and 14° 09’ 47.10” E in the northern part of the
Ribban Basin (off the Lofoten Isiands). We sampled the entire cores with a

spacing that represents time intervals of about 100 to 500 ka.
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Total carbon (TC), total nitrogen (TN) and total sulfur (TS) contents were
analyzed on homogenized samples using a LECO CNS-2000 and CS-400
elemental analyzer. The organic carbon content (TOC) was determined with a
LECO CS-125 elemental analyzer 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 CaCO,. To evaluate the
reproducibility of carbon and organic carbon data, duplicates were measured
routinely. Fe,O,, Al,O; [Wt%] and Zr [ppm] were measured by XRF analysis
using a Philips PW 2400 analyzer. The amount of reactive iron was calculated
using the empirical formula Fe..u. = Fe - 0.25 * Al (wt. %). TOC-Fe-S
relationships were used to estimate the depositional conditions [e.g. Brumsack,
1988; Dean and Arthur, 1989; Luckge et al., 1996; Hofmann et al., 2000],
whereas Zr/Al ratios describe changes of the relative distance to the paleo-
shore, 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). But in modern and ancient sediments,
especially under anoxic conditions, C/N ratios are reported to be irrational and
non-indicative [e.g. Rau et al., 1987; Lueniger and Schwark, 2002; Twichell et
al., 2002j. However, Langrock et al., [2003a] demonstrate that strictly inverse
C/N ratios in late Jurassic black shales from the Barents Sea indicate changes
in the degree of anoxia.

Stable carbon isotopic composition of bulk sediment organic carbon (8'°C,;)
was measured on de-carbonated samples from core 6307/07-U2 and 6814/04-
U2. Samples were analyzed by high-temperature combustion in a Heraeus
CHN elemental analyzer connected to a Finnigan MAT Delta S isotope ratio
mass-spectrometer [see Fry et al.,, 1992] at the Alfred Wegener Institute,
Potsdam. The isotopic composition is reported as 8-values [in %.] relative to the
international Vienna PDB standard [Coplien, 1995]. The analytical reproducibility

based on replicate analyses was better than £ 0.2 %..
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Kerogen typing, determination of source rock generative potential and
organic matter (OM) maturity were conducted according to Espitalié et al.
(1977, 1985) and Peters (1986) using a Rock-Eval I (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 (Ol)
was calculated from the amount of associated carbon dioxide (S3 value) based
on the TOC content. Indices were used in a HI/OI diagram to estimate kerogen
types (I — 1V), their potential sources and thermal maturity [cf. Espitalié et al,
1977; Peters, 1986]. The alternative presentation 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.

Consequently, reflected light microscopy was performed on polished blocks
of rock and kerogen isclates using a Zeiss Axiophot equipped with normal white
and ultraviolet light. The organic matter composition was determined by point-
counting maceral analysis following largely the ICCP nomenclature described in
Taylor et al. (1998). In general, macerals are divided into three main groups:
vitrinite, inertinite and liptinite. Vitrinites (e.g. telinite, vitrodetrinite) are cellulose
and lignin-rich remains of land-plants, and they are usually associated with type
[[l kerogen. Inertinites (e.g. semifusinite, funginite) are also derived from various
herbaceous sources, but have experienced moderate to severe oxidation, e.g.
fusinite is a primary charred plant remain (ash particie). Hence, inertinite
behaves virtually “inert” during pyrolysis and usually produces type IV kerogen.
Liptinite is a collective term for both terrestrial and marine organic matter that is
relatively rich in lipids and proteins with relatively high hydrogen and/or nitrogen
contents. Terrestrial liptinite (e.g. sporinite, cutinite) is predominantly derived
from land-plant precursors (e.g. pollen, spores, cuticles) and may produce type

/1l to HAIE kerogen. Marine-aquatic liptinites (e.g. alginite) originate from aquatic
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precursors (e.g. freshwater algae, marine dinocysts) and may produce the rare
type | kerogen. In this paper we summarized the observed macerals into
vitrinite, inertinite, terrigenous liptinite and marine-aquatic liptinite. Particles less
than 5 ym in size and small nonspecific fragments were given the suffix
detrinite, e.g. liptodetrinite.

To estimate the level of oxygenation in the water column we performed a
pyrite size distribution analysis using incident white light [cf. Wilkin et al., 19986,
1997]. We determined the amount and diameters of total pyrite, pyrite
framboids, and idiomorphic crystals on 10 representative samples counting at

least 100 grains each.

3.3. Lithology and stratigraphy

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; Arhus, 1991; Leith et al., 1992; Smelror et
al.,, 2001; Mutterlose et al., 2003]. The sediment deposited during the Volgian
and Ryazanian is characterized by dark, dominantly laminated and relatively
organic carbon-rich claystones and silty claystones. Some of these biack shales
are also considered as oil shaies, e.g. the Spekk Formation and the Hekkingen
Formation (Fig. 3-2), because they vield liquid hydrocarbons when artificially
matured. However, during the Ryazanian and early Valanginivan these facies
were gradually 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 Klippfisk 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
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open-marine sequences are locally succeeded (usually after a hiatus) by dark
claystones or silty claystones of the Barremian Kolje Formation, containing

moderate organic carbon contents (Fig. 3-2).
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Fig. 3-2 Lithostratigraphic correlation between the investigated cores [after Arhus et al.,
1987; Rokoengen et al., 1988; Mutterlose et al., in press] 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: Kimm. = Kimmeridgian, eV = early Volgian, mV =
middle Volgian, IV = late Volgian, Ry = Ryazanian)

The investigated 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 reaim.

The problem of stratigraphic control on marine sediments containing thick

laminated black shale sequences is the relative scarcity of fossils within these
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sequences. Low clastic sedimentation inhibits fast burial and preservation, and
allows scavenging. Therefore, a combined investigation on palynomorphs,
macrofossils, and foraminifers was performed 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 astronomical sedimentation rates) with linear
sedimentation rates obtained from the investigations mentioned above (see

Figure 3-2).

3.4. Results
3.4.1. Bulk geochemical parameters

For all three cores, average values of bulk elemental composition and Rock-
Eval data according to time intervals are summarized in Table 3-1.

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 Iate'Volgian (Fig. 3-3). 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,0O, 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. 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 (Fig. 3-4). Except for a few fluctuations
in the early Valanginian the uppermost 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



core depth interval TC TN TS CaCO3 Fe203 TOC HI OI Ty S1 82 83 S2/S3 P ggurce rock

(m.bs.f) (wt. %) (wt. %) (wt. %) (wt. %) (Wt. %) (wt. %) *1  *2  (°C) *3 *3 *3 potential
6814/04-U-02 |7-39m Barremian 3,40 0,15 1,0 8,0 9,0 2,40 58 48 436 0,1 1,5 1,2 2,1 0,07 poor/fair

39-44m late 1,70 0,04 3,6 13,9 6,0 0,10 77 292 494 00 0,1 02 0,1 0,08 none

44 -70 m Valanginian 1,90 0,06 2,9 10,8 6,6 0,60 112 98 460 0,1 0,6 04 1,9 0,11 none

70-89 m Ryazanian 2,10 0,12 2,3 4,1 5,0 1,60 100 90 423 0,1 1,9 12 1,7 0,05 fair

89-136m late Volgian 4,30 0,19 3,9 11,6 7,6 2,90 187 35 430 03 59 0,9 87 0,04 fair/good

136 - 167 m middie 4,80 0,22 3,9 10,8 7,5 3,50 219 25 429 04 76 09 19,0 0,04 good/very good

167-191m_ early 3,70 020 3.5 8.4 54 2,70 247 22 425 03 65 06 164 0,05 good/very good
6307/07-U-02 |13 -34 m Valanginian 3,20 0,04 1,8 15,7 78 0,40 56 152 410 02 08 09 07 0,17 poor

34-50m Ryazanian 4,70 0,15 43 2,8 6.4 2,70 275 66 413 03 88 1,5 49 0,05 good

50-62m late Volgian 6,30 0,21 33 0,8 4,0 4,30 348 49 409 0,7 14,6 2,0 7,3 0,05 verygood

62-74 m middle 6,30 0,19 4,5 1,9 5,4 3,90 371 62 406 06 142 24 6,1 0,04 verygood

74-105Sm _ early 6,80 0,18 54 2.8 6,1 420 373 99 407 0,8 16,0 1,9 85 0,05 verygood
13/1-U-02 118-145m late Volgian 1,40 0,05 1,0 4,5 5.4 0,80 4 79 421 0,1 04 0,6 1,5 020 poor

145- 152 m middle 0,80 0,04 0,5 3,6 8,7 0,30 6 X 367 0,0 0,0 00 00 0,5 poor

152-208 m _early 1.80 0,05 1.0 9.4 65 070 10 68 381 01 01 04 02 056 _poor

*| =mg HC/g TOC; *2 = mg CO2/g TOC; *3 = mg HC/g rock

"(9861) sivled pue (1/61)

‘e }8 glends3 o) Buipioosoe jenusiod

3004 924N0S JO SOIEWNST S|BAISIUI
awy Jolew 10} sishjorAd {BAZ-%o0Y

woly siojoweled

pue siskjeue |eojwayooab oiuebiour

pue ojuebio

l-g a|lqeL

NG jo sanjea sbeiany

“'snosdejal) Alleg o) oisselnp aje] ‘¢

0§



3. Late Jurassic to Early Cretaceous. .. 51

drop below 200 [mg HC/g TOC] and reach zero in the Hauterivian. Stable
carbon isotope analysis yields 8"3Cng, values from —29 %. in the Volgian and
-20%. in the Valanginian. The sediments show high Fe,O, 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.
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Fig. 3-3 Diagram showing TOC, CaCOs;, 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 paleo-
coast 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. (@ digital
picture of OM composition, see Plate | in appendix)

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 (Fig. 3-4, 3-5). Fluctuations in the early
Valanginian are also comparable to core 6307/07-U-02, and the succeeding
Hauterivian is virtually barren of organic carbon. HI values range from 200 to
400 [mg HC/g TOC] in the early Volgian and from 100 to 200 in the Ryazanian.
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The Valanginian is marked by values below 100 [mg HC/g TOC], whereas no

values can be calculated in the Hauterivian because the TOC is too low.
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Fig. 3-4 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 paleo-coast 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. (@digital picture of OM
composition, see Plate |l in appendix)

Stable carbon isotope analysis reveals 8'°C s values from =30 %o in the
Volgian and —26%. in the Valanginian. Fe,O, 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 (Fig. 3-4). The
Valanginian and early Hauterivian are 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.
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depth time interval TOC* HI Zr/Al Organic matter
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Fig. 3-5 Diagram showing TOC, CaCOQ;, HI, Zi/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 paleo-coast 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. (@ digital picture of OM
composition, see Plate Il in appendix)

3.4.2. Maceral composition

In core 13/1-U2 vitrinite makes up 10 to 60 % of the particulate organic matter
(POM), and includes a moderate portion of detritus (appendix Pic. 1). 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 liptodetrinite makes up 25 to 60 % of the POM (Fig. 3-
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 (Fig. 3-3, appendix Pic.
2).
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The POM of core 6307/07-U-02 is dominated by vitrinite, and includes a
relatively high proportion of detritus (Fig. 3-4). 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 counter-parallel 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 (cf. Fig. 3-4, Pic. 3) to about 10 % in the Valanginian
(cf. Fig. 3-4, Pic. 4).
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Fig. 3-6 Results of Rock-Eval pyrolysis from all 3 sediment cores plotted in a HI/Ol van
Krevelen-type diagram showing different types of OM (type | — [V kerogen) and their potential
sources (c.f. Espitalié et al., 1977, Peters, 1986). Sample clusters were generalized by different
fields of gray.

The amount of inertinite and terrigenous liptinite is generally much more
important compared to core 13/1-U-02, and ranges from 5 to 20 % and 1 to 15
% of the POM, respectively. 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. The
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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 (Fig. 3-5). 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
(Fig. 3-5, Pic. 5). It does not increase again before the late Volgian (where the
TOC content is highest) to reach about 90 % in the Barremian (Pic. 6). 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 Voigian to 30
% in the early late Volgian. Shortly thereafter inertinite and terrigenous liptinite

decrease to insignificant amounts.

3.5. Discussion
3.5.1. Sources and preservation of organic matter

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 applicability of 8"°Cgag
isotope data.

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 (cf. Fig. 3-3) is of uncertain origin, though we found a few indicators for
a marine source, e.g. dinocysts and algae. However, due to poor preservation
these relatively hydrogen-rich precursors now appear as the large amount of
type lll kerogen, as reflected in the HI/O! and S2/TOC diagrams (Fig. 3-6, 3-7).

We found the relatively lipid-rich OM derived from terrestrial sources (spores
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and pollen) is much better preserved than material from marine sources (Pic. 2).
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.
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These macerals are considered as original type Il and IV kerogen presented in
the HI/Ol and S2/TOC diagrams (Fig. 3-6, 3-7). In general, we observe a
decrease of land-plant debris (vitrinite, including vitrodetrinite) from the base
early Volgian to the early late Volgian (cf. Fig. 3-3) and a positive correlation
with the TOC content. The Norwegian-Greenland-Seaway (NGS) shows a very

different picture. The organic matter is clearly derived from both marine/aquatic
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and terrestrial sources and the preservation is much better. 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 (Fig. 3-5). However, most prominent is the high
abundance of well-preserved liptinite fragments (= 10 ym) and liptodetrinite (= 5
— 10 pym), 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
preservation results in type Il kerogen (Fig. 3-8, 3-7). Terrigenous liptinites are
dominated by a variety of fairly to very well preserved spores and pollen (Pic. 3,
Pic. 5), producing type !l and II/Ill kerogen. Therefore, compared to the SEP a
much wider spectrum of kerogen types appears in the HI/Ol and S2/TOC
diagrams (Fig. 6, 7). However, the most striking difference to the SEP is the
negative relationship between TOC content and the amount of vitrinite.

Determination of OM sources can be supported by the application of 8"3Cgre
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 sediments. As long as oceanic CO, is enriched in *C,
sediments dominated by marine OM should produce higher, i.e. isotopically
heavier, 3'°C,s; Vvalues than sediments dominated by land-plant derived
material. In contrast, we observed that our sediments rich in marine OM are
characterized by 8"Cyrs values from —25 to —30 %., whereas the sequences
rich in terrestrial OM show values from —20 to —25 %.. A similar inverted
relationship is reported from various DSDP sites in the lower Cretaceous North

Atlantic [e.g. Arthur and Dean, 1985; Dean et al., 1986] (Fig. 3-8).
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Fig. 3-8 Relationships between §°Corg and HI values of core 6814/04-U-02 and core
6307/07-U-02 (Fig. 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., 2003a.
Several potential mechanisms were discussed to explain these unusual isotopic
signatures in late Mesozoic sediments, 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;
Mevyers, 1997; Ehrbacher et al., 1999 and references therein). Rau et al. (1987)
demonstrated a good correlation between low 8'°N and low 8'*C values in
Cretaceous black shales, where the '*N depletion is suggested as a result of
periodically extensive denitrification by N,-fixing bacteria set in largely anoxic or
suboxic environments with slow deep-water turnover. This coincides with our
interpretation of black shale formation of the Hekkingen Fm and Spekk Fm (see

beiow).

3.6.2. Depositional environments

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 accumulation rates (= rapid burial),

and high supply of terrestrial organic matter [e.g. Muller and Suess, 1979;



3. Late Jurassic to Early Cretaceous. .. 59

Demaison and Moore, 1980; Stein, 1986; Arthur et al., 1987; DeGraciansky et
al., 1987; Meyers, 1997]. To assess the depositional conditions we interpreted
the pyrite size distribution [e.g. Wilkin et al., 1996, 1997], TOC-Fe-S
relationships [e.g. Brumsack, 1988; Dean and Arthur, 1989; Lickge et al., 1996;
Hofmann et al., 2000], and sedimentation rate/organic carbon relations [e.g.

Stein, 1990].

location time interval pyrite as framboids mean diameter  size variability  interpretation
(%) (um)
6814-04-U-02 Barremian 74 7,0 iow oxic - dysoxic {**}
Vatanginian - Hauterivian 7 8,0 low oxic
Volgian - Ryazanian 98 7,0 medium anoxic - suboxic
8307-07-U-02 Valanginian - Hauterivian  no pyrite no pyrite no pyrite oxic
Volgian - Ryazanian 98 6,0 Jow anoxic ()
13-1-U-01 Late Voigian 88 13,0 high oxic - dysoxic
Early Volgian 86 12,0 high oxic - dysoxic
Framvaren Quaternary 80-85 58 oxic - dysoxic
Wallops Island Quaternary 70-75 7.6 oxic - dysoxic (**)
Black Sea Quaternary 95 51 low anoxic (*)

Table 3-2  Pyrite size distribution inferred from reflected light microscopy (e.g. Wilkin et al.,
1996, 1997). 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.

We found autochthonous pyrite framboids in all studied cores and almost all
depths, except for the Valanginian and Hauterivian of core 6307/07-U-02.
Autochthonous pyrite formation indicates anoxic conditions, but pyrite 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 particutarly small and
less variable in size.

The Volgian and Ryazanian sediments of the NGS basins show that about
98 % of the total pyrite occurs as framboids (Table 3-2). Average diameters

range from 6 ym to 7 ym with a low variability in size. This relatively uniform
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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 Hauterivian 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 due 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 ym, ranging
from 4 to 100 pym. This suggests a rather oxygenated water column, and that
pyrite has formed predominantly in the sediment.

The TOC-Fe-S ternary diagrams (Fig. 3-9) 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 (Fig.

3-9a).
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Fig. 3-8 TOC-Fe-S ternary diagram showing the limiting factors for pyrite formation [e.g.
Brumsack, 1988; Dean and Arthur, 1989; Hofmann et al., 2000] for core 13/1-U-02 (a), core
6307/07-U-02 (b), and core 6814/04-U-02 (c). 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 the early
Volgian (1), the late Volgian (2), the Valanginian and Hauterivian (3), and the Barremian (4).
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Pyrite formation was chiefly limited by the lack of labile hydrogen-rich organic
matter, because sulfate is unlimited in marine environments. Hence, the
sediments were likely deposited under relatively stable oxic conditions
throughout the Volgian. The black shales of the Volgian and Ryazanian of core
6307/07-U-02 (Fig. 3-9b) plot below the “pyrite composition line” indicating
limitations by reactive iron under oxygen-depleted conditions. There is a change
along the line towards more oxic conditions, represented by the gray marl of the
Valanginian (right flank), and the red marl of the succeeding Hauterivian (upper
corner). The sediments 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/Hauterivian is outlined in Figure 3-9c. The sediments of the
Barremian, 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).

The stratigraphic framework presented in 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 the primary control on organic matter accumulation, at least
not for the Norwegian-Greenland-Seaway examples. Therefore, we calculated
initial (or decompacted) sedimentation rates (SR) to illustrate the relationship
between marine organic carbon and sedimentation rate (after Stein, 1986b,
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 3-10 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
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conditions, which is reflected by high TOC contents and a low sedimentation

rates.
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Fig. 3-10 Relationship between (marine) organic carbon content and decompacted
sedimentation rates (modified after Stein, 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 construct the open boxes which represent areas of potential deposition. The Volgian
and Ryazanian sediments of the NGS (box 1 and 2) clearly show depositional conditions
different to those in the SEP (box 3). Conditions in the NGS continuously changed to open-
marine oxic in the Valanginian-Hauterivian (box 1a and 2a).

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 productivity 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 1a and 2a) are
characterized by much lower TOC contents compared to the sedimentation

rates, hence, their fields of potential deposition fall in the “open-marine oxic”
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domain. The field of potential deposition of core 13/1-U-02 (box 3) is situated in
the “open marine oxic” domain, and supports the interpretations from the

foregoing discussion.

We also calculated the paleoproductivity for the black-shale sequences based
on estimated SR of 0.4 — 1.2 cm/ky for the early Volgian, and 1.2 — 1.9 cm/ky
for the late Volgian. For oxic environments we used the equation (1) after Milier
and Suess (1979) and Stein (1986h, 1990):

(1) PP - 531 * C * DBD 0.71 = LSR 0.07 » DEP 0.45

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 lineaf 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 (1984):
(2) PP=50*C*LSR*DBD

where PP is the primary productivity [gC/cm?/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]. The
Southeastern Passage, on the other hand, reveals about 30 to 40 gC/cm?/ka
under oxic conditions, which is typical for open-marine environments [e.g. Stein,
1986].

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-
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Greenland-Seaway, where an increased supply of terrestrial OM is unlikely to

have had a major control on the organic carbon accumulation.

3.5.3. Paleoenvironmental change through time

There are different indicators to believe that the sediments were deposited on
the shelf not far off the paleo-shore. 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 a elevated buoyancy by emitting oil while they live (and so
may have a larger distribution), but they will soon drop to the sea-floor and
become exposed to biochemical disintegration after their relatively short life
cycle. Second, there are occasionally vitrinites, vascular bundies, 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 speedé, etc.)
such large particles have a very limited lateral distribution [e.g. Lickge et al.,
1996, Taylor et al, 1998]. Third, the abundance of terrigenous Iiptinites,'e.g.
whole spores, along the NGS indicates 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.

The increasing amount of detritus upwards in the section, which is derived
from land-plants indicates a reduction of the organic particle size through time.
Consequently, the ratio between vitrinite and vitrodetrinite becomes generally
smailer, although the relative amount of these macerals increases.
Contemporaneously, the Zr/Al ratio decreased (Fig. 3-4 and 3-5) suggesting
that the grain size of the non-riverine minerai 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
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that the distance between the core position and the coastline 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 coastland 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 & high marine productivity.
Deposition was likely hosted in an isolated anoxic basin with a stratified water-
column, probably covered by a permanent halocline (Fig. 3-11). Primary
production was low due to limited nutrient supply, the lack of upwelling water
masses, and perhaps low Fe* input from the continents [see Boyd, 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 transgression probably did not initiate, but rather
“disturbed”, the formation of black shales on a long-term scale. The hinterland
became continuously flooded, vegetation withdrew, and the distance between
the terrestrial sources and the depositional site increased. The amount of
reworked terrestrial 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 and arid climate in the
Valanginian/Hauterivian for the Norwegian-Greenland-Seaway, which may be
supported by the ongoing decay of land-plant material. But 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 vertical circulation and eventually diminished the intensity of anoxia.
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This decreased the preservation of OM, and resulted 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 disintegrated before entering

the sedimentary record.

3.6. Conclusions

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
sediments with high organic carbon contents and a fair to very good source rock

generative potential.

Maceral analysis, Rock-Eval data, and §*Cqg 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 paleo-shore.

Pyrite size distribution, TOC-Fe-S and sedimentation rate/organic carbon
relationships suggest that biack 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 hydrogen-rich organic matter in the early and middle
Volgian to more “woody” and refractory organic matter in the Valanginian and
Hauterivian is primarily a preservation effect controlled by the increase of

bottom-water oxygenation.
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Fig. 3-11 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.
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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
paleo-shore, expanding the distance to the terrestrial sources. This may have

occurred in terms of a transgression, probably caused by a sea-level rise.

The sediments from the southeastern passage to the Tethys realm (core 13/1-
U-02) were deposited under conditions unfavorable for the formation of
petroleum source rocks. Deposition occurred in an open-marine oxic
environment with low organic carbon contents and low sedimentation rates.
Accumulation of organic carbon was controlled by the input of terrestrial,

particularly “woody”, organic matter.
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CHAPTER 4 Marine and Petroleum Geology (in press)

Origin of marine petroleum source rocks
from the Late Jurassic to Early Cretaceous Norwegian

Greenland Seaway — evidence for stagnation and upwelling

U. Langrock and R. Stein

Alfred Wegener Institute for Polar and Marine Research, Department of Geosciences,

Columbusstrasse, 27568 Bremerhaven, Germany

Abstract

Forty samples were selected from Upper Jurassic to Lower Cretaceous black
shales of IKU (Sintef Petroleum Research) sites 6307/07-U-02 and 6814/04-U-
02, located on the mid-Norwegian shelf, for a detailed maceral analysis. The
penetrated rocks include the Spekk and Hekkingen Formations, which
represent major potential petroleum source rocks in the region. ft was our first
objective to reveal the type of organic material that is responsible for the source
rock potential of these sediments. The results suggest that black shale
formation has occurred in two different paleoceanographic settings; 1) in a
"high-productive” and 2) an "anoxic/stagnant” environment. This conclusion is
supported by inorganic and sedimentological data. In addition, sedimentation
rates (SR) from recent biostratigraphic and sedimentological work on these
sequences gave impulse for using accumulation rates to estimate the original
organic carbon flux to the sediment. Organic carbon accumulation rates are
relatively low but similar to mid-Cretaceous black shales from other ocean areas
(average 10 — 300 mg/cm?ka). Supported by redox-sensitive Re/Mo ratios,
SR/TOC relationships, and paleoproductivity estimates we suggest that the
formation and preservation of organic carbon during black shale formation in the

Spekk Formation has followed largely the conditions of the “stagnation model”,
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whereas the Hekkingen Formation is likely one possible example for the

“productivity model”.

4.1. Introduction

The geological understanding of the mid-Norwegian shelf (Fig. 4-1) has been
enhanced by petroleum exploration and production operations during the 1980s
and early 1990s and is summarized in drilling reports and subsequent papers,
e.g. by Skarbg et al. (1988), Worsley et al. (1988), Hansen et al. (1991), Leith et
al. (1990), Jongepier et al. (1996). Modern insights into plate tectonic evolution,
structural development, sedimentology, paleoceanography, and geochemistry
of strata of late Mesozoic age along the Norwegian shelf, including sediments of
commercial importance, are owing to these investigations (e.g. Brekke et al,,
1999; Smelror et al., 2001; Swientek and Ricken, 2001; Lipinski et al., 2003;
Langrock et al., 2003b; Mutterlose et al., 2003). Fine-grained sediments of Late
Jurassic to Early Cretaceous age occur along the eastern margin of the
Norwegian-Greenland-Seaway and adjacent marginal seas (Smelror et al.,
1994; Leith et al., 1990; Worsley et al., 1988; Arhus et al., 1991; Wagner and
Hoélemann, 1995; Doré, 1991; Doré et al., 1997; Bugge et al., 2002; Mutterlose
et al., 2003; Langrock et al., 2003). Drilling also recovered sediments that are
exceptionally rich in organic carbon and provide moderate to very good source
rock potential for liquid and gaseous petroleum. We investigated sediments
from the mid-Norwegian shelf (Fig. 4-1) that represent major potential petroleum
source rocks in the region. The cores are characterized by two major lithological
units, including the Spekk and Hekkingen Formations (Fig. 4-2). A thick
sequence of dark-colored, organic carbon-rich claystones (i.e. black shales)
with subordinate silty or calcareous intercalation dominates the lower part of the
cores. These are superceded by a younger overlying sequence of light-colored
or reddish organic carbon-poor siltstones, marls and limestones. The transition
between these two sedimentary units occurred gradually within a time interval of

about 10 My during the Berriasian and Valanginian. The black shale sequences
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of Late Jurassic age are represented by the Spekk Formation, which is a major
source rock east of the Varing Marginal High between 62° and 68° N (Fig. 4-1)
and the time-equivalent Hekkingen Formation, which is an important source
rock in the Nordland and Troms areas and extends into the central Barents Sea

(e.g. Bugge et al., 1989, 2002; Worsiey et al., 1994; Smelror et al., 1994, 1998,
2001).
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Fig. 41 Geographic section of the modern shelf region off mid-Norway, including principal
sedimentary units and positions of drilling holes (modified after Brekke, 2000).

Both Spekk and Hekkingen Formations consist of immature to marginally
mature sediments with high TOC contents relative to average shale (e.g.

Wedepohl, 1971, 1991). A significant TOC decrease towards the top of both
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formations, which is most severe during the Berriasian, is due to increased
bottom water oxygenation that was likely caused by a rapid sea-level rise (e.g.
Mutterlose et al., 2003; Langrock et al., in press). Variations within the
formations are linked to 40-ky and 100-ky orbital-forced climate cycles (e.g.
Swientek and Ricken, 2001; Swientek, 2002; Mutterlose et al., 2003) and are to
some extent superimposed on local effects, such as silt dilution and increased
primary production.

Paleogeographic turning points caused by either transgression or regression
are favorable for the deposition of organic carbon-rich bituminous rock
sequences (e.g. Bitterli, 1963), especially during the initial stage of such
episodes (e.g. Sheridan, 1987). Collected research data suggest that most
organic carbon accumulates in transitional (brackish) or alternating
marine/freshwater regimes. Accumulation of particulate organic matter derived
from terrestrial sources is subject to fractionation by wind or water, so that
larger particles are usually deposited closer to the shore, e.g. in the estuaries.

Small-sized particulate organic matter (< 5pm) is hydrodynamically similar to
the clay mineral fraction, which is highly capable of adsorbing dissolved organic
carbon (DOC, < 0.8 to 0.4 ym) and metal ions to form organo-metal compléxes.
The conversion from the dissolved into the particulate form (by reasons of
energy) is often attributed to changing water chemistry within the
marine/freshwater transition zone and is especially important in view of
petroleum source rock formation (e.g. Calvert and Pedersen, 1992; Meyers,
1997). The relationship between hydrocarbon source rocks and their
depositional environment has been reported from several locations (e.g.
Boussafir and Lallier-Verges, 1997; Schulz et al., 2002). Two principal models
for the causes of vast organic carbon accumulation have been under
controversial 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 sea floor and thereby limit the remineralization of organic
matter on the sea-floor [e.g. Pedersen and Calvert, 1990, Caplan and Bustin,

1999; Saelen et al., 2000; Nijenhuis et al., 2001; Ro6hl et al., 2001]. An
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increased supply of terrigenous organic matter may also be an important
mechanism for the accumulation of organic carbon-rich sediments in the marine
realm [e.g. Stein et al., 1986]. The high northern paleolatitudes also received
attention by scientists because most common information about formation of
organic carbon-rich sediments was obtained largely from lower paleolatitudes,
e.g. the Mid-Cretaceous Atlantic Ocean, but also the Tertiary Indian Ocean (e.g.
Schlanger and Jenkyns, 1976; Stein et al., 1986; Brumsack and Thurow, 1987,
Arthur et al., 1990; Bralower et al., 1994; Bralower and Thierstein, 1987;
Siesser, 1995; Herrle et al., 2003). In higher latitudes climate changes should
be more distinctively reflected in the sedimentary record than in the fower
latitudes (e.g. Mutterlose et al., 2003), and the accumulation of organic carbon
should be less diluted by carbonate sedimentation as it is found in the
equatorial regions. Moreover, the source rock of the major oil provinces in the
circum-Arctic Ocean are of Late Jurassic age (e.g. Leith et al.,, 1990),
suggesting that formation of black shales with hydrocarbon potential are also
most important (1) in true high paleolatitudes, (2) during the Jurassic-
Cretaceous transition, and (3) during times of an exceptionally low sea-level
compared, for example, to the mid-Cretaceous North Atlantic.

The primary objective of this paper is concerned with the origin of the organic
carbon that has resulted in the source rock potential found in these immature
Upper Jurassic and Lower Cretaceous sediments. Once the sources of the
associated organic matter were determined from detailed microscopic analysis,
mass accumulation rates of organic carbon and paleoproductivities were

calculated and interpreted in relation to the depositional environment.

4.2. Data and procedures applied

Material was collected from two sediment cores drilled offshore mid-Norway
during a shallow drilling campaign executed by Sintef Petroleum Research

(former IKU) in the late 1980°s (Fig. 4-1) (e.g. Fjerdingstad et al., 1985; Arhus et
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al., 1987; Skarbg et al., 1988; Bugge et al., 1989; Hansen et al., 1991). Core
6307/07-U-02 was taken in the southern part of the Hitra Basin (off Smola
island, 63°27°54"" N and 07°14744"" E) in a water depth of 290 m. Core
6814/04-U-02 was taken approximately 354 nautical miles (655 km) further to
the NNE in the northern part of the Ribban Basin (near the Lofoten Islands,
68°09°45"" N and 14°09°47"" E) in a water depth of 233 m. Below a Quaternary
cover, the cores immediately penetrate 104.80 m and 191.25 m, respectively, of
shallow, WNW dipping Mesozoic strata that encompass the Kimmeridgian-
Valanginian and Volgian-Barremian intervals (Fig. 4-2). The cores were
sampled in irregular intervals of 1.5 ~ 2.0 meters, depending on the physical
condition and the availability of the material, resulting in a time resolution of
about 120 to 350 ky (cf. Mutterlose et al., 2003). Kerogen typing, determination
of source rock generative potential and organic matter (OM) maturity were
conducted according to Espitalié et al. (1977) and Peters (1986) using a Rock-
Eval H (plus 83 unif). The hydrogen index (HI) was calculated from the amount
of pyrolysable hydrocarbons (S2 value) based on the TOC content, and the
oxygen index (Ol) was calculated from the amount of associated carbon dioxide
(S3 value) based on the TOC content. Indices were used in a HI/O! diagram to
estimate kerogen types (I — 1V), their potential sources and thermal maturity [cf.
Espitalié et al, 1977; Peters, 1986].

The determination of the particulate organic matter (POM) was performed by
means of maceral analysis. For this purpose 20 whole rock samples were
collected from each sediment cores. The preparation of kerogen isolates was
not nécessary since the organic carbon content of the samples was relatively
high (1 — 7 wt %). The small blocks of rock (3 — 4 cm®) were orientated
perpendicuiar to the bedding and fixed by a cold-setting epoxy-resin. After
hardening they were successively ground and polished with diamond paste in
multiple stages on an automatic unit to obtain optimal reflection properties. The
macerals composition was determined by point-counting with a 25-point ocular
grid using a Zeiss Axiophot microscope under incident and fluorescence light
(395 — 440 nm). For statistical accuracy at least 200 macerals were counted in

each sample. Macerals are distinguished into three main groups vitrinite,
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inertinite and liptinite, including further subgroups and individual macerals
according to the ICCP nomenclature described in Taylor et al. (1998). Vitrinites
are cellulose and lignin-rich remains of higher land-plants, e.g. tissues of leaves
or tree bark, and usually produce type Il/lll to 11l kerogen (cf. Espitalié et al.,
1977; Peters, 1986; Horsfield et al., 1988). Inertinites may have similar sources
as vitrinites but they have experienced distinct oxidative alteration, e.g. by
wildfires or acidic environments. This results in a depletion of hydrogen and
nitrogen and an enrichment of oxygen and carbon compounds which make
them virtually inert to maturation processes (e.g. type IV kerogen during Rock-
Eval pyrolysis). Liptinite is a collective term for all terrestrial and marine/aquatic
organic matter which is rich in lipids and proteins, and that is characterized by
distinct fluorescence properties. Terrestrial liptinites are derived from land-plant
precursors (e.g. resins, waxes, cuticles, spores and pollen). Hence, for
paleoenvironmental reconstruction and source rock characterization it is also

important to discriminate the origin of the liptinite fraction of the organic matter.

4.3. Results
4.3.1. Base geochemical data

Core 6307/07-U-02 shows TOC contents between 0.1 and 7.0 wt. % that
continuously decrease from the early Volgian to the late Ryazanian (Fig. 4-2).
The decrease is particularly rapid through the Ryazanian. With the exception of
a few fluctuations in the earliest Valanginian, the uppermost 20 meters of core
6307/07-U-02 are virtually barren of organic carbon. HI values show high variability
between 200 to 600 [mg HC/g TOC] from the Lower Volgian to the uppermost
Ryazanian. In the Valanginian values drop below 200 [mg HC/g TOC] and reach zero
in the Hauterivian. 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 (Fig. 4-2). Fluctuations in the lowermost
Valanginian are also comparable to core 6307/07-U-02, and the succeeding Hauterivian

is virtually barren of organic carbon. HI values range from 200 to 400 [mg HC/g TOC]
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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 Hauterivian because the TOC is too low.
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4.3.2. Organic matter composition

The maceral composition of particulate organic matter (POM) was characterized
on whole rock samples following largely the ICCP nomenclature described in
Taylor et al. (1998) with the exception of funginite, which was introduced by
Lyons (2000). A general overview of the organic matter composition is
presented in Figure 4-3 and the total inventory, sources and optical properties
observed are summarized in Table 4-1. In total, three maceral groups (vitrinite,
inertinite, liptinite), twelve individual macerals and one microlithotype were

identified under reflected white light and fluorescence light (picture gallery of

microscopic photographs is available at www.pangaea.de/data).

Maceral
IGroup

Maceral &
Microlithotype*

\Source

Reflected light

Fiuorescence coior

Form

dark grey/medium

Vitrinite [Telinite oody tissues, primary ray none cellular/subrounded
\Vitrodetrinite oody tissues, reworked medium grey none celtular, brittle
Inertinite [Fusinite oody tissues, charred ight grey none cellular, brittle
ISemifusinite oody tissues, charred grey (bronze hue) none cellular, brittle
Funginite ungal bodies ight grey/grey none cellutar
Inertodetrinite oody tissues, charred ight grey/grey none brittle
Semifusite*/Fusite” coalified stems, twigs > 1mm brownish grey/white [none lsub-celular layers
Liptinite [Sporinite  fand-plant spores dull brown/translucent lyellow/orange/brown whole spores
terrigenous Cutinite and-plant cuticles Kdull brown/transiucent yellow/orange/brown
Resinite axes, oils, fats, resins dult brown/transtucentjorange lamorphous
[Telalginite [freshwater/marine algae dull brown/transiucent jyellow cellular, fragmented
r:;i‘:ti |.amalginite ffreshwater/marine algae dull brown/translucent [yellow/brown hin bands
Dinocysts  |Dinoflaggelates dull green/yellowbrown  cellular, fragmented
Liptodetrinite marine-aquatic, various dult green/yellow arious disrupted
Table 4-1  General inventory of macerals, including their sources and optical properties,

observed in the sediments. In total, three maceral groups (vitrinite, inertinite, liptinite), twelve
individual macerals and one microlithotype were identified under reflected white light and

fluorescence light.

Macerals of the vitrinite group are identified as dark gray to medium gray telinite
(= 10 um) and more light-colored vitrodetrinite (< 10 ym). None of the vitrinites
show any fluorescence. Their shapes vary from sub-rounded and sub-angular
particles to excellently preserved cellular tissues from land-plant leaves or bark.
Most telinites are between-20 and 100 ym in size, some exceed 200 um, and a

few particles reach more than 500 um with a length/width ratio of up to 10:1.
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Particularly, in the Upper Volgian sequence from 6814/04-U-02, telinite particles
smaller than about 40 ym tend to be more rounded and of lower maturity,
whereas larger macerals tend to be more angular, structural better preserved
and of higher maturity. Open cell-fillings consisting of admixtures of collinite (cf.
Taylor et al., 1998) and mineral matter occur rarely and were not quantified. It
was also observed that larger telinites (100 — 300 pm) with lower reflectivity are
associated with much smaller macerals (10 — 50 ym) of the inertinite group and
vice versa.

Macerals of the inertinite group are present as fusinite, semifusinite,
funginite, and inertodetrinite. Although semifusinite is almost absent in core
6307/07-U-02, the macerals of the inertinite group are significantly more
abundant (up to 20 %) compared to the core from 6814/04-U-02 (< 5 % of the
POM) (Fig. 4-3). Generally, particles with higher reflectance and maturity are
much more angular and vascular compared to other woody particles of lower
maturity, i.e. teiinite. Fusinite and semifusinite generally show very well
preserved cell structures with curved edges, i.e. bogen structure and sieve-
structure, and a broad spectrum of optical reflectivity. A combination of high
structural integrity and various stages of fusinitization suggest that maturity was
unlikely caused by coalification during diagenesis (i.e. rank fusinites), but rather
by incomplete charring by wildfires (i.e. pyrofusinites) (Taylor et al., 1998).

Some pyrofusinites look like hair slides, almost white in reflected light and up
to 100 pym in length. Semifusinites show optical reflection properties between
those of vitrinite and fusinite, and they appear with a hue of bronze. These well
preserved fragments often appear in clusters, or in partly fractured and
shattered cellular bodies, but also as single particles up to 200 ym in size.
Some medium-sized (50 to 80 ym) macerals are also found with a rectangular
shape, lacking any cellular structure. Semifusinites are also often observed as
scleres with sharp edges and spikes, forming a heap of ruins (“Trimmerfeld”)
that sometimes exceeds 200 ym in size. The shape of such heaps suggests
that the pieces have brokeh apart from larger plant tissues in situ, hence, after
their déposition as a result of compaction. Funginite, formerly addressed as

sclerotinite, is rarely found and consists of very well preserved opaque cellular
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bodies (from sclerotia) with regular cell structures and high reflectivity (cf.
Lyons, 2000; Langrock et al., 2003a). There is a spectacular vascular bundle of
2 mm length and 0.2 mm width showing extremely well preserved cell structures
and high reflectivity. It consists of different compressed layers of fusinite and
likely reflects a part of a fusite microlithotype rather than a single plant tissue.

Macerals of the liptinite group must be distinguished into terrigenous and
marine-aquatic liptinite. Sporinite is the most dominant and unmistakable
terrigenous maceral and occurs in different morphologic types of microspores,
ranging from about 10 to 200 ym in size. Individuals usually appear as
collapsed spheres with relatively thick cell walls and single- or multi-layered
exines. Larger forms with typical transected star ledges are rarely observed,
whereas fractured exines of smaller forms are more common. Under
fluorescence light sporinite shows a variety of colors from clear yellow to brown,
reflecting different stages of biodegradation. Similar to inertinite the total amount
of sporinite is much higher in the southerly core (max. 35 % POM) (see Fig. 4-
3). Cutinite and resinite are abnormally rare in both cores and have been
identified in only a few cases. Usually, cutinite originates from cuticular layers
and cuticles and is probably the most resistant material produced by common
land-plants (e.g. Taylor et al., 1998). Owing to its scarcity it was not usable for
quantification, but this may have important paleoclimatic and paleogeographic
implications. A determination between terpene resinite (originated from resins),
or lipid resinite (originated from fats) was not successful. Generally, terrigenous
liptinites (especially sporinite) become abruptly rare and then absent in the
upper parts of the Spekk and Hekkingen Formations, probably reflecting the
increasing distance to the paleo-shore (e.g. Littke et al., 1997; Langrock et al.,
2003a, b; Mutterlose et al., 2003). The origin of marine liptinites is much more
difficult to determine and has been subdivided into alginite (telalginite and
lamalginite) and liptodetrinite. Visible entities of large colonial or thick-walled
unicellular algae with a distinctive structure are termed telalginite. Four different
types of telalginite were identified (in order of abundance): dinoflageliates
(cysts), P/'/'a, Tasmanites, and Pediastrum. Dinoflagellate cysts occur

numerously throughout both cores in nearly equal quantities, except for
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elevated abundance in the uppermost part of the Spekk Formation. These
organic remnants of algae appear as chorate cysts with different types of single
and branched processes and radiating spines. At least 5 different morphotypes
were identified from 10 to 80 ym in diameter. The largest individuals show most
severe marks of degradation, both physical and biochemical. The smallest
individuals of less than 20 ym in size are more likely acritarchs rather than
dinocysts because distinctive taxonomic indications are missing, e.g. the
archaeopyle, and acritarchs usually develop smaller individuals (e.g. Williams,
1978). One species is most common in both cores and shows a spectacular
bright green fluorescence color, reflecting their excellent preservation in
physical and biochemical views. These individuals are about 10 ym in size with
short single processes relative to their body and probably belong to the
Micrhystridium lineage (e.g. Combaz, 1980). Algae of Pila type are usually
compared to the modern Botryococcus braunii, which reproduce exclusively in
freshwater habitats. These algae were observed occasionally but are generally
more common in the southerly core. Degradation is sometimes at an advanced
level but the original colonial structure can be distinguished in most cases.
Tasmanites algae are compared to the modern analogue Pachysphaera
pelagica and were observed at various depths in both cores, emitting an
intensive yellow fluorescence color. The physical preservation is generally much
better than that of Pila colonies, because Tasmanites is unicellular and has a
more inflexible cell wall. They appear as flat thick-walled discs perpendicular to
the bedding and reach 120 ym in length that may be about 80 ym in original
diameter. Their original spherical form and characteristic numerous pore-canals,
which penetrate the outer cell wall and leave small dimples on its surface, can
be clearly identified when observed under reflected white light. In sediments
deposited under more oxygenated conditions, particularly in the Lange and
Klippfisk Formations, the formation of idiomorphic pyrite within some telalginites
is a common process and reflects anoxic micro-environments below the
sediment surface. Lamalginite, on the other hand, is less common in the
sediments and appears as thin-walled filamentous algae of weak to medium

yellow fluorescence color and a distinctive lamellar form parallel to the bedding.
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Most macerals of the liptinite group are detrital (30 to 70 %) (Fig. 4-3), which
is usually very difficult to address to a discrete biological source. However, that
the majority of the liptodetrinite appears to be of marine-aquatic origin is a
crucial point, particularly when calculating paleoproductivities. Our observations
may suggest that terrigenous liptinites derived from the Norwegian coastland,
i.e. dominantly spores, are much more resistant to physical disintegration than
marine-aquatic organisms. The shape of most liptodetrinite macerals suggests
that they have been derived from the fragile parts of marine organisms, such as
most dinocysts and other algae. Supporting this, a large amount of liptodetrinite,
though heavily crushed into pieces, has still higher fluorescence colors (shorter
wavelength) than most intact terrigenous liptinite. Since the wavelength of
fluorescing particles becomes longer with progressing biodegradation, i.e. more
red colors when observed under the microscope, a land-plant source for
liptodetrinite in our sediments is very unlikely. It has therefore mostly been

classified as marine-aquatic organic matter.

4.3.3. Accumulation rates of organic carbon

It is difficuft to interpret TOC data, particularly in coastal environments, because
changes in the percent values of TOC may result from both organic and
sedimentological changes (e.g. Stein et al., 1986). Therefore, we calculated
mass accumulation rates of organic carbon to reflect the authentic organic
carbon received by the sediment surface in units of mass per area and time, so
avoiding effects of clastic dilution (cf. Thiede and Van Andel, 1975; Thiede et
al., 1982). Physical properties of the sediment and stratigraphic control are
imperative for calculating mass accumulation rates. Whereas bulk density and
porosity are easily available, biostratigraphic control on black shale sequences
of Late Mesozoic age are almost always a problem, particularly when dealing
with very low sedimentation rates. Time control for the investigated cores was
obtained largely from lithostratigraphic, palynological, and biostratigraphic

studies [e.g. Skarbg et al., 1988; Hansen et al., 1991; Mutterlose et al., 2003;
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Smelror, 1994; Smelror et al., 1998, 2001a; Vigran et al., 1998; Worsley et al.,
1988]. Using the time scales of Hardenbol et al. (1998) the resulting linear
sedimentation rates (LSR) are supported by a good correlation between
biostratigraphic and astronomical dates (e.g. Berger et al., 1992; Oschmann,

1995; Swientek and Ricken, 2001), which is presented in Table 4-2.

Table 4-2 Comparison between

Period Linear sedimentation rate biostratigraphic and astronomical
linear sedimentation rates (LSR)
{cm per 1000 years) L
oo ) on the left and cyclicity-tuned LSR
Stage/substage biostratigraphic astronomical used in this paper (Cf. Swientek
6307/07-U-02  6814/04-U-02 and Ricken, 2001; Mutterlose et
Barremian 0.8 al,, 2003).
Hauterivian 0.3 0,3
Valanginian 0,3 0,3* 0,4*
Ryazanian 0,4 08 -
Late Volgian 0,5 1,5" 1,6*
Middle Volgian 0,3 08 -
Early Volgian 0,8** 0,6 0,8

* peaks rom spectral analysis investigated in core 6814/04-U-02 (alter Swientek, 2002}

** peaks rom spectral analysis investigated in core 6307/07-U-02 {ater Swientek, 2002}

It has to be considered, however, that pitfalls in the calculation of LSR may be
caused by hiatuses in the Valanginian and Hauterivian, especially when the
duration is uncertain. With the amount of marine organic matter obtained from
maceral composition by kerogen microscopy, it was possible to calculate mass
accumulation rates of marine organic carbon and eventually estimate
paleoproductivities (see below). Mass accumulation rates of total organic
carbon (MARTOC) in core 6307/07-U-02 show values that range from 60 to 80
mg/cm?/ka in the Lower Volgian and drop to = 40 mg/cm?/ka in the Upper
Volgian. From here values decrease upwards to = 20 mg/cm?/ka in the
Ryazanian (Berriasian) and Lower Valanginian (Fig. 4-4).

The decrease towards the top of the core is a reflection of the TOC content and
accelerated by the decreasing sedimentation rates. Based on the amount of
marine organic matter (MOM) obtained from maceral analysis, accumulation
rates of marine organic carbon (MARMOM) show a corresponding decrease

from about 60 mg/cm?/ka to = 10 mg/cm?/ka.
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Fig. 44 Organic carbon content (Langrock et al., in press), corrected linear
sedimentation rates (Mutterlose et al., 2003), marine organic matter (MOM) content (this
paper), and mass accumulation rates of total organic carbon (MARTOC) and marine
organic carbon (MARMOM) for core 6307/07-U-02.

Mass accumulation rates of total organic carbon (MARTOC) in core 6814/04-U-
02 show values that increase from about 40 mg/cm?/ka in the Lower Volgian to
100 - 150 mg/cm?/ka in the Upper Volgian (Fig. 4-5). The decrease is also a
reflection of the TOC content, resulting in a rapid decrease of MARTOC from =
40 mg/cm?/ka in the Ryazanian to = 10 mg/cm®/ka in the Valanginian and
Hauterivian. Values from 40 to 60 mg/cm®/ka are dominant throughout the
succeeding Barremian. Based on the amount of marine organic matter (MOM)
obtained from maceral analysis, accumulation rates of marine organic carbon
(MARMOM) show corresponding values from about 20 to 80 mg/cm?/ka with

maximum values in the lower part of the Upper Volgian.
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Fig. 4-5 Organic carbon content (Langrock et al., in press), corrected linear sedimentation
rates (Mutterlose et al., 2003), marine organic matter (MOM) content (this paper), and mass
accumulation rates of total organic carbon (MARTOC) and marine organic carbon

(MARMOM) for core 6814/04-U-02.

4.4, Discussion

4.4.1. Organic facies types

The concept of organic facies types was previously developed by coal
petrographers. They found that distinct coal macerals were generally deposited
in distinct groups under similar chemical and physical conditions, and they
defined organic facies types with special emphasis on its application in the oil
industry (e.g. Jones, 1987; Taylor et al., 1998). Jones (1987) distinguished
seven organic facies types (Table 4-3) only by the dominant type of organic
matter, the atomic H/C ratio (at vitrinite reflectance R, + 0.5 %) and HI and O

values obtained from Rock-Eval pyrolysis. The organic facies types reflect a
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decrease in the marine/aquatic and an increase in terrestrial/oxidized organic
fraction of the sediment, documenting a successive reduction of the petroleum
generative potential. According to the differentiation scheme of Jones (1987)
shown in Table 4-3, we observed organic facies B to D in both cores, whereas
organic facies A and AB are absent (Fig. 4-6, Fig. 4-7). Highest organic facies
(B and BC) were found in the lower third of the cores and correspond to highest
TOC and HI values and highest abundance of lipid-rich organic matter (cf. Fig.
4-3). In core 6307/07-U-02 organic facies BC is present throughout the Lower,

Organic facies H/C Hydrogen index Oxygen index Dominant organic matter
(at RO 20.5 %) (mg HC/g TOC) (mg COx/g TOC)

A =1.45 = 850 =30 algal, amorphous

AB 1.35-1.45 650 - 850 20 - 50 amorphous, minor terrestrial

B 1.15-1.35 400 - 650 30 - 80 amorphous, common terrestrial

BC 0.95-1.15 250 - 400 40 - 80 mixed, some oxidation

o] 0.75-0.95 125 - 250 50 - 150 terrestrial, some oxidation

CD 0.60-0.75 50 -125 40 - 150 oxidized, reworked

D <060 <50 20 - 200 highly oxidized, reworked

Table 4-3  Classification scheme of organic facies types after Jones (1987)

Middle and Upper Volgianand in the Lower Berriasian (Fig. 4-6). Only two
distinct periods in the Lower Volgian reveal organic facies B. In core 6814/04-U-
02 (Fig. 4-7) the same period of time is characterized by a less constant facies
distribution, as organic facies BC and C (Lower and Middle Volgian) is
succeeded by organic facies C (Upper Volgian) and CD (Berriasian). A common
feature of both cores is that the Klippfisk and Lange Formations of the
Valanginian and especially the Hauterivian are dominated by organic facies CD

and D.



4. Origin of marine petroleum source rocks ... 87

Core 6307/07-U-02
Organic Hydrogen . L
| Carbon Index Source Rock Potential Hydrocarbon Indications *Q
E | 5 B . o i 2
— g ve 2213 oil [E]3 vey (38 ol 8§ | =1 8| Production im- |x=|8| ©
g §l= higryh SEIE prone %‘3 good |“1El prone { 1 21 g index mature | © 1O »:-‘:
£ 2
~| e c
£ 9 23 TOC $2*100/TOC 82 S 2/83 S1=free HCs S1/S1+82 Tmax g
§ % % {wt %) (mg HC/g rock} {mg HC/g rock) 02 04 C) 6
12 4 8 200 400 600{25 10 20 30| 255 g8 12 05 1 01 I 0.3(' 05 400 435 470
0 L1 TS TR O 1 ! i I I [
5 —
10 —
15— e - o e - S
2t
20— FF
it - D
25—+ TL L
SF - - .
20 - — H - = te errerrsinns
3 o
30 8| £ jme 1 B - -
io] ‘ t i - i
35— © - o = - — = —
S| [ ol : 3 r = , / c
P == i s 3 2 b
40— 5 i 2 5
45 - @ — —, — C3 | S — BC
- SR b | @ —
50 ~| ™ e = —
£ S S — - ——
55— g e S = = —
H — e - e BC
3 - —
60 — bl ; L i,
65— R ——— (s o e me——— = e
S P — - —
s [ R —— e I BC
70 ~| 3 ™ —
= - — e
75— e = — L —
... n J— —
— O ~ [rmm——
80 2 C — B
(2] prss—
© e - — -
85— 5! g — —
S
o I Y - ey - — - __._[: BC
k) e = =
95 — r — O
- — B
100 | -
= —
— - —
105 — R A = —

* according to Jones (1987)

Fig. 4-6 Organic carbon, hydrogen index, source rock potential, and organic facies (after
Jones, 1987) for core 6307/07-U-02. Note that production index and Tuax are abnormally
high in sequences of extremely low TOC that do neither reflect hydrocarbon generation nor
passed maturity.
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Fig. 4-7 Organic carbon, hydrogen index, source rock potential, and organic facies (after
Jones, 1987) for core 6814/04-U-02. Note that production index and Tuyax may be abnormally
high in sequences of extremely low TOC that do neither reflect hydrocarbon generation nor
passed maturity.
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4.4.2. Source rock potential and paleoenvironment

The Spekk Formation of core 6307/07-U-02 has crucial prerequisites to be a
black-shale in the sense of Tissot and Welte (1984) because the sediments are
rich in organic carbon compared to average shale (Fig. 4-6) (Wedepol, 1971,
1991). High preservation of lipid-rich organic matter is reflected by HI values
from 300 to 600 [mg HC/g TOC] providing very good potential for oil generation.
Indications of hydrocarbons generated from the kerogens, reflected by the S2
value, are good in the lower parts of the Spekk Formation and decrease
towards the top similar to the source rock potential. Production index (PI) and
Tuax vValues indicate that the organic matter is immature (Tyax < 435°C) and has
not yet reached the onset top of the oil-window (PI < 0.1). Organic carbon
content and source rock potential decrease d'uring the Upper Berriasian and the
Valanginian and reach almost zero during the Hauterivian. Here, the residual
amount of organic matter consists of refractory material (inert and almost
exclusively terrestrial) as a result of oxidative fractionation. As a consequence,
Tuax @nd Pl values rise and give the false evidence of hydrocarbon generation.
The previous classification of organic facies (Jones, 1987) coincides with these
results and reflects the increasing dominance of highly oxidized and reworked
organic matter (refractory OM). Even though the Hekkingen Formation consists
of organic carbon-rich sediments with TOC values higher than 2 % by weight
(Fig. 4-7), average values are lower by about 1 % compared to the Spekk
Formation (cf. Fig. 4-6). The lower potential for a source rock becomes even
clearer considering the HI values, which range only from 100 to 300 [mg HC/g
TOC] and indicate a much lesser degree of preservation of lipid-rich OM. As a
result, the sediments have only a good to fair potential for generating oil and
mixed oil/gas products.

Similar to core 6307/07-U-02 (cf. Fig. 4-6) the source rock potential becomes
subsequently poor and more gas-prone during the Berriasian and Valanginian.
Free hydrocarbons (S1 value) are much less abundant and may have already
been released during late-diagenesis. This is most likely due to the pre-mature

level of the organic matter as indicated by the Ty (= 435°C) values. The
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distribution of organic facies types according to Jones (1987) in the Hekkingen
Formation is a reflection of the source rock potential. The subsequent
Barremian of core 6814/04-U-02 (Fig. 4-7), which is not documented in core
6307/07-U-02, is a period with iess variations in organic cagrbon and HI values.
Even though the TOC content is very high (> 2 %), the potential is poor for
generating mixed oil/gas products because the input and/or preservation of
lipid-rich organic matter. The resulting H! is less than 100 and the amount of §2
hydrocarbons are also quite low. Therefore, this sequence has been addressed
to organic facies CD.

A high source rock potential (subsequently abbreviated as SRP) is often
found in immature sediments relatively rich in organic carbon with a high
preservation of lipid-rich organic matter (OM) (e.g. Tissot and Welte, 1984).
Such sediments are predominantly found in shallow-marine environments
because they provide essential nutrients, high input rates of lipid-rich OM from
marine (primary production) and terrestrial sources, and relatively short travel
time through the water column. In contrast to many upwelling areas, a
significant proportion of lipid-rich organic matter from terrestrial sources, such
as sporinite and resinite, may contribute to a high petroleum potential of
sediments formed in epicontinental seas and shelf basins. For this reason the
exclusive use of organic-geochemical approaches for determining OM sources
in near-shore environments may produce contradictory results (e.g. Fahl and
Stein, 1999). For adequate quantification the “extracted” information, e.g.
obtained from biomarker analysis, is often difficult to interpret without invoking
other parameters, e.g. from palynological studies or organic petrography
(maceral analysis). Provided that macerals can be distinguished by
characteristic properties (good physical preservation), petrographic analysis of
organic matter gives a clear association between organic particles and their
biological sources. Because time-resolution of maceral data is usually low as a
result of expansive preparation, a combination of organic-geochemical,
inorganic-geochemical and petrographic analysis has been successfuily applied
in recent works (e.g. Kim et al., 1999; Boucsein, 2000; Caplan and Bustin,

2001; Wagner, 2002; Langrock et al., 2003a,b). The most significant macerals
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obtained from petrographic analysis were compared to the SRP and supported
by sedimentological and inorganic-geochemical data illustrated in Figure 4-8
and 4-9.

The L* value (obtained from photospectrometry) returns the lightness of a
sediment as a kind of gray value, which is primarily affected by the fossil and
mineral assemblages (cf. Swientek, 2002). Swientek (2002) clearly
demonstrates that low L* values, especially the dark color of black shales, do
not reflect high organic carbon contents but the abundance of pyrite. On the
other hand, increased L* values indicate more sandy and/or calcareous
intercalation, which may indeed be associated with a reduced (diluted) TOC
content. Figures 4-8 and 4-9 display remarkable, reiatively invariable L* values
with a mean of about 30 % for the entire Volgian and Ryazanian section. This
reflects the abundance of pyrite within the dark-colored, organic-carbon-rich
sequences of both cores. Pyrite size distribution has shown that sediments of
the Spekk Formation were deposited under more anoxic conditions compared
to the Hekkingen Formation (e.g. Langrock et al., 2003b). An increase of L* by
more than 20 in the Valanginian-Hauterivian section clearly documents the
formation of more light-colored carbonates and marls under more open-marine
oxic conditions (e.g. Mutterlose et al., 2003). Even though pyrite formation is
favored by the availability of H,S from anaerobic bacterial utilization of lipid-rich
OM, no correlation exists between L* values and the abundance of liptinite.

A more consistent picture can be obtained from the Ti/Al ratio (cf. Lipinski et al.,
2003). Almost exclusively derived from the continents, titanium is a heavy metal
associated with the SiO, (quartz) mineral fraction, whereas aluminum is
predominantly found in clay minerails. One way to interpret Ti/Al ratios is that an
increasing ratio indicates an increasing proportion of silt and sand. Usually, an
increase in mineral grain size indicates an elevated transport energy, which
may be associated to higher sedimentation rates. Whether these have positive
effects or negative effects (clastic dilution) on the organic carbon accumulation
depends largely on the dimension of increase and the general sediment
fraction. Since river discharge is climate-controlled by weathering of the

hinterland, the Ti/Al ratio may also increase when the input of Al** from river
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discharge is extremely reduced, e.g. during arid climate periods. Also, the input
of Ti** may become enhanced by (desert-) winds. Such a climate has been
suggested for the Valanginian-Hauterivian periods (e.g. Podlaha et al., 1998;
Mutterlose and Kessels, 2000; Price et al., 2000; Mutterlose et al., 2003),
documented in Figures 4-4 and 4-5. Ti/Al ratios are much higher in core
6814/04-U-02 compared to core 6307/07-U-02, indicating that the sediment is
generally much more silty (coarser), which likely results in a dilution of the SRP.
In the northern core position, low Ti/Al ratios correspond largely to a high TOC
content and high SRP (see arrows). This suggests that organic carbon
accumuiation and preservation of organic matter with elevated SRP is highest in
more fine-grained, argillaceous sediments (low Ti/Al ratio). It may therefore be
concluded that more coarse-grained, siliceous sediments (high Ti/Al ratio)
reflect dilution of the organic carbon content and the SRP. A less obvious
relationship between high TOC values and low Ti/Al ratios is observed in the
southern core position. However, the southern core reveals a positive
correlation between SRP and Ti/Al ratios on a long-term scale. Hence, it seems
that more coarse-grained clastic incursions have a negative influence on the
SRP in core 6814/04-U-02 but a rather positive influence in core 6307/07-U-02.

This becomes more evident when the SRP is compared to individual macerals.
In core 6307/07-U-02, high conformity exists between the SRP and the amount
of liptodetrinite, whereas no relationship seems apparent to alginite and
sporinite (Fig. 4-8). However, organic petrography has shown that most of the
liptodetrinite has been produced from the physical breakdown of different algae.
Hence, the correlation between SRP and algae is established indirectly over
liptodetrinite. The relationship between SRP and more coarse-grained clastic
incursions (see above) is now given more sense by the association with lipid-
rich detritus. More silty incursions may refiect higher energy transport and may
lead to a higher degree of physical disintegration of algae. The increase of
sedimentation rate seems to have no negative effects on the organic carbon
content by means of difution. In the case of core 6814/04-U-02 the SRP is best
reflected by the abundance of alginite, which is expected for petroleum source

rocks (Fig. 4-9). Based on the above information the SRP and the TOC content
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are highest during phases of more fine-grained, less energetic clastic
sedimentation. This coincides with the results obtained from maceral analysis
because the degree of physical disintegration of algae is lower during more
“muddy” sedimentation. Hence, the SRP in this area of deposition seems to
originate primarily from preservation of non-detrital, primary alginite (including
dinocysts). Sporinite and liptodetrinite have different patterns of occurrence, but

contributions may not be excluded.

4.4.3. Sporinite paucity

One of the most important observations related to paleoclimatic changes is the
striking paucity of sporinite from the Middle Ryazanian to the Hauterivian and
Barremian in both cores (Fig. 4-8, 4-9; cf. Fig. 4-3). A minor paucity is also
apparent during the lowermost Volgian. Sporinite originates from the outer cell
walls (exines and perines) of spores and pollen and is composed of sporonin (or
sporopoilenin). This substance is biochemically very resistant and insoluble, but
is readily attacked by oxygen under dry conditions, especially in calcareous
environments (e.g. Taylor et al., 1998). Keil et al. (1994) found that pollen grains
were completely degraded within 10,000 years in the presence of oxygen in the
sediment, but were highly preserved for at least 100,000 years under anoxic
conditions. A change from anoxic/dysoxic, sapropelic environments in the
Volgian to more oxic, calcareous environments in the Valanginian-Hauterivian
has been documented for the cores investigated by Lipinski et al. (2003) and
Langrock et al. (in press). It may therefore be concluded that biochemical
preservation of sporinite is much more affected by the redox conditions of the
sediment surface than by the conditions of transportation. Particularly in non-
upwelling shelf environments with relatively low sedimentation rates, the travel
time of particulate matter in the water may be several orders of magnitude
shorter than its residence in the upper sediment layers (e.g. Erlenkeuser, 1980).

In general, marine and brackish sediments are characterized by much

smaller amounts of sporinite than sediments formed in freshwater environments
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(e.g. Taylor et al., 1998). The abundance of sporinite and other terrigenous
liptinites are therefore often used to indicate proximity to the paleo-coast (e.g.
Littke et al., 1997). The relatively high abundance and diversity of sporinite of
the studied cores, especially in the Spekk Formation (Fig. 4-8), suggest that
their positions were generally close to the paleo-coast and may reflect a high
level of vegetation, which is usually associated with a more warm and humid
climate. Although the paucity of sporinite starts very abruptly, it may be
correlated to a rapid sea-level rise and a change from a more warm-humid to a
more cold-arid climate that commenced in the Ryazanian and reached its
maximum in the Valanginian and Hauterivian (e.g. Podlaha et al., 1998; Price et
al., 2000; Mutterlose et al., 2003). A similar paucity of sporinite is also reported
from the terrestrial Katharina seam of the Ruhr Carboniferous, which is likely a
consequence of severe oxidative degradation by a marine roof succeeding the
peat surface. It is therefore suggested that the paucity of sporinite was caused
by a combination of (1) increasing distance to the source region, (2) complete
oxidation by a rapid marine transgression, and/or (3) a more cool and arid

climate.

4.4.4. Depositional environment — stagnation vs. productivity

Calculating the rate at which organic carbon was produced by primary
organisms in the photic zone of an ancient ocean is still a puzzling task. A
variety of indicators, or proxies, for primary productivity have been suggested,
such as accumulation rates of organic carbon, biogenic carbonate, opal flux,
and trace elements (e.g. Diester-Haass, 1978; Muller and Suess, 1979;
Bralower and Thierstein, 1984; Sarnthein et al., 1987; Stein et al., 1989a, b;
Siesser, 1995; Berger and Wefer, 2002; Diester-Haass and Zahn, 2002). The
percentage of organic carbon that becomes preserved in the sediment is highly
variable and depends on several parameters. In an oxic open-ocean
environment with water depths of more than about 1000 meters organic carbon

may be so efficiently oxidized that less than 0,1 % may eventually become
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incorporated in the sediment (e.g. Brummer and Van Eijden, 1992). For this
purpose Stein et al. (1986) proposed equation (1) based on Mdller and Suess
(1979) for calculating paleoproductivity (PP) in open-marine oxic environments.
For details and limits of use of equation (1) see Stein et al. (1986). On the other
hand, sediment data largely obtained from the modern anoxic Black Sea show
that about 2 % of the organic carbon produced in the surface waters becomes
preserved in the sediment. This led Bralower and Thierstein (1986) to suggest
equation (2) for calculating paleoproductivities (PP) in general anoxic
environments (e.g. Stein, 1991), where PP is the paleoproductivity, C (MOM) is
the percentage of marine organic carbon, WBD is the wet bulk density, PO the

porosity, LSR the linear sedimentation rate, and DEP is the estimated water

depth.
(1) PPoc = 5.31°(MOM* (WBD —1.026 * PO/100))°7* * LSR®"* DEP®*
(2) PPaoxc = 50°C*(WBD-1.026* PO/100) * LSR

In order to distinguish between oxic and anoxic environments the organic
carbon/sedimentation rate relationship is often used (cf. Muller and Suess,
1979; Steiﬁ, 1991). However, based on new LSR data presented in Mutterlose
et al. (2003) and Swientek (2002) our differentiation has been improved (Fig. 4-
10). Moreover, Lipinski et al. (2003) have demonstrated that redox-sensitive
rhenium and molybdenum, in particular the Re/Mo ratio, in the investigated
cores may allow to distinguish between anoxic, suboxic, and more oxic water
conditions (Fig. 4-11, Fig. 4-12). They showed that depositional conditions in
core 6814/04-U-02 were much less anoxic compared to core 6307/07-U-02,
which coincides with the results presented in the TOC/SR diagram. it was
therefore necessary to calculated PP after both equations (1 and 2) to reveal
the most reasonable range of paleoproductivity values according to the
conditions in the water column.

In the lower black shale sequence of core 6307/07-U-02 (from about 75 m to
105 m depth, Fig. 4-2) surface water productivity may have reached 20 — 30

gC/m?/y when using equation (2) (Fig. 4-11). Values are much lower than
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average productivities estimated for modern coastal environments (50 - 150
gC/m?y) (e.g. Pinet, 1992; Tissot and Welte, 1984), anoxic sediments from the
Quaternary Sea of Japan (120 — 150 gC/m?/y) (e.g. Stein, 1991), and even for
sediments (TOC = 4 wt%) from the modern Black Sea (50 — 90 gC/m?y) (e.g.

Shimkus and Trimonis, 1974; lzdar et al., 1987; Calvert and Vogel, 1987).
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However, our results are much more comparable to the general trend of mid-
Cretaceous black shales (e.g. Bralower and Thierstein, 1987), which show
exceptionally low average PP, values from 10 to 100 gC/m?/y. This is also a
strong indication that the organic carbon accumulation is primarily due to
preservation under anoxic conditions, and that anoxia was unlikely to be caused
by high productivity, such as may occur in upwelling areas (Thiede and.Van"
Andel, 1977, Demaison and Moore, 1980; Brumsack, 1980, 1987). As a
consequence, paleoproductivities calculated after equation (1) are not
appropriate for core 6307/07-U-02. Using equation (2) surface water
productivity during black shale formation in core 6814/04-U-02 may have
reached 10 to 30 gC/m?/y (Fig. 4-12), which is comparable to the other core. But
TOC/SR relationship (cf. Fig. 4-10) and Re/Mo ratios indicate that the black

shales were unlikely to have been deposited in an anoxic environment, but
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rather in a much more dysoxic environment (Fig. 4-12). Therefore,
paleoproductivities calculated after equation (1) appear more realistic.
Assuming these conditions, surface water productivity calculated for sediments
= 2 wt.% TOC may now reach 200 to 350 gC/m?/y, which fall in the range of
values for modern upwelling areas (250 — 300 gC/m®/y) (e.g. Pinet, 1992;
Romankevich, 1984; Tissot and Welte, 1984). It has to be considered, however,
that deep-water conditions were not oxic but rather dysoxic in core 6814/04-U-
02, so that PP values may be somewhat overestimated. The result show
similarities to average paleoproductivities of marginal upwelling sites off NW-

Africa (100 — 300 gC/m?®y) (e.g. Stein et al., 1989a; Stein, 1991).
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Fig. 4-11 Re/Mo ratios (Lipinski et al., 2003) to Fig. 4-12 Re/Mo ratios (Lipinski et al., 2003)

discriminate anoxic from dysoxic or oxic to discriminate anoxic from dysoxic or oxic
environments and paleoproductivity estimates environments and paleoproductivity
for both oxic (gray) and anoxic (black) estimates for both oxic (gray) and anoxic
conditions for core 6307/07-U-02. (black) conditions for core 6814/04-U-02.

The results suggest that organic carbon accumulation has been primarily

enhanced by an elevated downflux of organic carbon in a high-productive
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environment (e.g. Pedersen and Calvert, 1990). However, the
paleoceanographic position was likely more exposed than restricted (Fig. 4-13),
which probably resulted in higher sedimentation rates (higher Ti/Al ratios),
higher clastic dilution (lower TOC) and lesser preservation of the lipid-rich OM

(lower SRP).

4.5. Summary

Conclusions drawn from all previous microscopic, geochemical, and
sedimentological results suggest that oceanographic positions for the cores at
the time of sediment deposition, were situated in the margin of the nascent
Norwegian Sea (Fig. 4-13). The organic matter in the Ribban Basin site is
derived from both marine and terrestrial sources, and the relatively high
abundance of recycled “woody” material may reflect a higher degree of
oxygenation and a more energetic and/or longer transport from their sources on
land. Although the source rock potential is considerably lower (organic facies
BC and C), compared to the Hitra Basin site, its variation through timé is
reflected by the variations in the amount of primary algae, with some uncertain
contributions from recycled marine organic matter. This suggests that primary
production in the surface water has probably a distinct control on organic
carbon accumulation. Since Re/Mo ratios and TOC/SR relationships support a
more dysoxic, open-marine environment, estimated surface water productivities
are relatively high. The influence of coastal upwelling under oxic to dysoxic
deep-water conditions at this site is therefore very likely. This environment
results in lower preservation of marine OM, enrichment in refractory OM, and a
much lower source rock potential. Large comparability exists to the late
Cenozoic ODP site 658 from the marginal upwelling off NW-Africa, suggesting
that black shale formation in the Ribban Basin site followed a modification of the
“productivity model”. The sediments from the Hitra Basin site are characterized
by higher amounts of marine and lipid-rich terrigenous organic matter compared

to the Ribban Basin site. A high source rock potential (organic facies B and BC)
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is positively correlated with the amount of recycled marine organic matter.
Supported by low Re/Mo ratios and TOC/SR relationships, the black shales
were likely formed in an anoxic, probably stratified basin with low sedimentation

rates.
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Fig. 4-13 Model for two principally different environments during black shale formation concluded
from multiple evidence, suggesting conditions similar to the “stagnation model” for core 6307/07-U-
02 and conditions according to the “productivity model” for core 6814/04-U-02. The model does not
account for sea-level changes that affect both cores contemporaneously (see Fig. 2, 7).

Therefore, surface water productivity was estimated to be very low compared to
modern coastal environments, which is reported from different Cretaceous black
shales. Paleoproductivity values are lower than low-productivity areas in the

modern Black Sea, but are similar to the nascent Indian Ocean during the
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Eocene. Hence, the Hitra Basin site is believed to represent black shale

formation following to the “stagnation model”.
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5. Summary and outlook

The organic matter in four sediment cores from the Norwegian shelf (near
Skagerrak, Trendelag Platform, Lofoten Islands, south-central Barents Sea)
was investigated in order to determine origin, transport, accumulation, and
preservation of organic carbon in the nascent Norwegian-Greenland-Seaway.
Each of the sediment cores contain organic carbon-rich sequences, which
follow different local and orbitai parameters; but all document a significant
paleoceanographic long-term change that affected the entire seaway during the
Jurassic-Cretaceous transition. One principal objective of this study is also to
emphasize the importance of organic petrography and geochemistry in
combination with inorganic-geochemical, isotopic, and sedimentological data to
find proxies for paleoenvironmental reconstruction.

The transition between the Late Jurassic and the Early Cretaceous provided
favorable conditions for the accumulation and preservation of organic carbon
along the continental margins of the young and shailow seaway between
Norway and Greeniand and in the Barents Sea. Because the Scandinavian
continental shelf endured as an almost intact unit during previous tectonic
episodes in the region, the cores taken along its passive margin reflect more or
less the original meridional transect from the northwestern Tethys into the

Barents Sea.

The origin of the organic matter was well determined by microscopic analysis
and supported by data obtained from Rock-Eval pyrolysis and elemental and
carbon isotope analysis. As a typical characteristic of shelf sediments the
organic matter is derived from both terrestrial and marine sources. A highly
variable composition through time reflect regional (tectonic-forced) and/or
climatic (orbital-forced) changes in the paleoenvironment. The assemblage of
distinct macerals from various sources, with respect to their preservation, may
improve to localize and enclose the depositional environment, just like a multi-

parameter “positioning system”.
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For example, the combination of excellently preserved freshwater algae, coal
fragments, and vascular particles of higher land plants in the Barents Sea points
to a muddy lake or estuarine environment. But the occurrence of marine algae,
low sedimentation rates and high trace metal enrichments strongly suggest a
formation in a seawater environment. Consequently, a near-shore, probably
lagoonal, low-salinity, stagnant and strictly anoxic position has been suggested
for a sequence in core 7430/10-U-01. A change in organic matter composition
over a specific period of time may have different reasons. In the case of the
mid-Norwegian sediments from the Ribban and Hitra Basins, an increasing
amount of refractory material reflects a higher efficiency of oxidative
fractionation to the debit of the more labile, lipid-rich organic matter and the
petroleum potential of the sediments. Additionally, the decreasing particle size
is pointing towards an increasing distance to the paleo-coast owing to the

proposed rising sea-level.

The conditions of transportation are reflected in the sedimentary facies and
also in the associated organic matter. On its way from the continental sources
to the marginal oceans by wind and water, the organic matter receives different
marks, which probably contain information about the regimes passed through.
Changes in fluorescence color of lipid-rich organic matter towards longer
wavelengths may indicate a longer exposure to oxidative charge, e.g. a longer
distance from their sources. Larger particles derived from land plants are more
likely transported by water than by wind, but an unbroken leaf may float over
hundreds of miles off the shelf, whereas a small heavy ash particle may reach
the sea-floor in a matter of days. '

This study revealed that along the eastern margins of the nascent NGS fine-
grained sediments are preferentially associated with lower sedimentation rates,
higher organic carbon contents, higher preservation of lipid-rich organic matter,
and (as a result) higher petroleum potential. This is because most organic
particles (including bacteria) are hydrodynamically equivalent to the clay and silt
fraction. On the other hand, the physical breakdown of lipid-rich OM

(represented by the amount of liptodetrinite) seems to play a crucial role in the
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formation of petroleum potential in the core from the Hitra Basin on the
Trendelag Platform. Physical disintegration may increase the particle surface by
a few orders of magnitude, so probably improving aerobic bacterial activity by a
certain degree. Passing a high-standing pycnocline down into anoxic bottom
waters may cause decease and incorporation of these bacteria in the sediment,
which may contribute to the high petroleum potential found in core 6307/07-U-
02.

The accumuiation rate of organic carbon reflects the authentic organic carbon
flux to the sea floor in units of mass per area and time. Avoiding effects of
clastic dilution by incorporating the sedimentation rate, it gives a more realistic
picture than interpreting mere organic carbon contents. The rate of organic
carbon received by the sediment surface is generally iow in the investigated
sites, reflecting a reduced input from the photic zone and also from the
continent. Low accumulation rates of organic carbon are also reported from
many mid-Cretaceous black shales formed under oxygen-depleted conditions.
Reduced input of terrestrial material through rivers rhay indicate a lower levei of
vegetation in the hinterland and/or reduced river activity, which both may be
caused by a cooler climate. The postulated low sea-level during this period
supports this theory. A seasonal ice cover upon a shallow epicontinental sea
caused by reduced salinity, such as in the modern Baltic Sea, may be a
possible situation for some core sites along the NGS. This would also probably
explain the abundance of weli-preserved freshwater algae in the paleo-Barents
Sea. However, individual accumulation rates of organic carbon at each site are
primarily controlled by the local paleoceanographic framework, such as
proximity to coast and rivers, sedimentary facies, water depth, sea floor
morphology, and resulting current systems.

Mass accumulation rates of bulk organic carbon in the two mid-Norwegian
sites are in a similar range from about 50 to 150 mg/cm?/ka. However,
interpretation of other parameters suggests that black shale formation in the
Ribban Basin has likely occurred under more oxic/dysoxic conditions compared

to the Hitra Basin, which is supposed as a typical anoxic basin. Hence,
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estimations of paleoproductivity point towards an upwelling position for core

6814/04-U-02, which would also fit in the picture obtained from organic

petrography.

The preservation of organic carbon is particularly good to very good in the
lower and middle Volgian (latest Cretaceous) sections, except for core 13/1-U-
02, but this is a concept used in different ways. For the sedimentologist, the
preserved fraction of the organic matter relative to the recycled fraction is often
defined via the TOC content, which is quite high in the investigated sediment
cores and increases towards higher latitudes from about 1 % to more than 30 %
by weight. From the petrographic point of view, the organic matter is well
preserved when the textures of a large amount of biological precursors are still
visible. From a geochemical point of view, organic carbon is well-preserved
when high amounts of hydrogen-rich organic matter “survived” or “failed” severe
biochemical destruction, so probably generating high petroleum potential during
maturation. In general, preservation of organic matter in marine sediments may
be enhanced by two principal mechanisms. Oxygen is hereby the ubiquitous
source of direct and indirect organic matter destruction and the fate of all living
things.

Removing the organic matter quickly from oxidative systems is one
possibility, e.g. by rapid burial. This may be in turn realized by two different
processes. A higher flux rate of clastic material, which is very common close to
deltas and the continental slope, prevents the organic matter from
disintegration, but it dilutes the buik organic carbon signal. On the other hand,
higher flux rates of terrestrial material may provoke less bacterial activity,
promote preservation, and bulk content of organic carbon. This would result in
two sediments with distinct differences in sedimentary and organic facies, but
the potential for black shale formation would be indeed low. A modification of
the former process seems to be reflected in core 6814/04-U-02 from the Ribban
Basin, where a higher flux of inorganic material resulted in a reduced organic
carbon content but has still preserved a significant amount of hydrocarbon

potential. The [atter process is observed in core 13/1-U-02 from the Skagerrak
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site, showing a close relationship between the amount of terrestrial “~oody”
organic matter and the organic carbon accumulation rate.

The second principal mechanism for OM preservation is anoxia. Anoxia
emerges when the demand for oxygen by aerobic bacteria exceeds the supply.
In this case utilization of organic matter is taken over by anaerobic bacteria
using largely SO,* as their oxygen source. These bacteria return H,S as a by-
product, which is toxic to most species and may also have a snowballing effect
on the water column. Despite that remineralization of OM by anaerobic bacteria
may be less efficient, the most important consequence seems to be the
desolation of benthic life. However, anoxic bottom waters may be generated by
two general means. Provided that renewal of water masses is inhibited, e.g. by
a stratified water column in an isolated basin, anoxia may occupy a persistent
part of the bottom-water that may reach up into the photic zone. These
“stagnant” conditions are suggested during black shale formation at the
locations represented by core 6307/07-U-02 from the Hitra Basin and core
7430/10-U-01 from the Barents Sea. Anoxia may also emerge right below the
photic zone, e.g. in the high-productive surface waters of upwelling areas.
When this oxygen minimum zone impinges on the seafloor, e.g. on the
continental slope, a momentary anoxic to dysoxic bottom water is established
that may have similar effects on the benthic. Since the oxygen depletion in this
position may be less severe and permanent compared to a silled anoxic puddle,
it has been suggested for black shale formation at the location represented by

core 6814/04-U-02 from the Ribban Basin.

For the first time, high-resolution analysis was applied to small intervals of the
sediments from the Hitra Basin, Ribban Basin, and the Barents Sea that are
supposed to encompass the Jurassic-Cretaceous transition. Figure 5-1
illustrates variations of the hydrocarbon potential (S2 value) obtained from
Rock-Eval pyrolysis for sections 53 to 53 meters in core 6307/07-U-02, 88 to 96
meters in core 6814/04-U-02, and 49.97 to 50.81 meters in core 7430/10-U-01
(zoomed out sections). All sections show a similar trend of S2 values with a

pronounced long-term minimum close to the Jurassic-Cretaceous boundary
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Fig. 5-1 Results from high-resolution analysis applied to the cores investigated during this
study, allowing access to orbital-forced climate cycles. Correlation with other parameters,
such as trace metal enrichments, stable isotopes, organic matter, and biomarkers may be
subject of upcoming studies.



5. Summary and outlook 109

(dashed line). High-resolution analysis also increased the chance to unmask
variations that respond to climate changes, i.e. to detect Milankovitch cycles.
Based on sedimentation rate estimates and cyclicity analysis made by Swientek
(2002), various cycles, such as a distinct eccentricity, were identified in the

high-resolution sections (Fig. 5-1).

To unravel the fate of organic material, considering the complexity of all
processes that play important roles in the global carbon cycle, is still a big
challenge and crucial to the understanding of continent-ocean interactions. With
respect to very low sedimentation rates and the age of these sediments, the
results are very promising and may be both incitement and basis for further
studies. Particularly the combination of organic-geochemical/organic-
petrographic studies and the analysis of fossil biomolecules, or biomarkers,
seems to be a very reasonable aim in view of determining the origin of organic
matter in marine sediments. This study is a decent contribution to the insight of
black shale formation by presenting unusual examples from high northern

paleolatitudes during the Jurassic-Cretaceous transition.
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Plate | Core 13/1-U-02

All pictures were taken with a Zeiss AxioCam® digital video camera (maximum resolution 3600
x 3600 pixel) mounted on a Zeiss Axiophot light microscope using reflected white light (RWL)
and ultraviolet light (UV). Depth is given in meters below sea-floor, i.e. core depth, and reflects
also the sample number given in data tables.

Fig. 1 Depth: 125.50 m, Semifusinite, pyrite, detritus, RWL, 500 x magnification

Fig. 2 Depth: 125.50 m, Vitrinite, pyrite, detritus, FL, 500 x magnification

Fig. 3 Depth: 125.50 m, Vitrinites, various maturity, RWL, 500 x magnification

Fig. 4 Depth: 141.50 m, Sporinite (or alginite) fragments, thin-walied, FL,scale bar equals 20 pm
Fig. 5 Depth: 141.50 m, Sporinite (exines), FL, 500 x magnification, scale bar equals 20 pm

Fig. 6 Depth: 157.00 m, Vitrinite (sub-rounded), silty matrix, RWL, scale bar equals 20 ym

Fig. 7 Depth: 157.00 m, Vitrinite, vitrodetrinite, semifusinite, RWL, 500 x magnification

Fig. 8 Depth: 177.25 m, Semifusinite (500 x 100 pm), RWL, 200 x magnification

Fig. 9 Depth: 192.47 m, Vitrinite (angular), “Bogen-structure”, RWL, 500 x magnification

Fig. 10 Depth: 207.25 m, Sporinite (spore), FL, scale bar equals 20 pm
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Plate II Core 6307/07-U-02

All pictures were taken with a Zeiss AxioCam® digital video camera (maximum resolution 3600
x 3600 pixel) mounted on a Zeiss Axiophot light microscope using reflected white light (RWL)
and ultraviolet light (UV). Depth is given in meters below sea-floor, i.e. core depth, and reflects
also the sample number given in data tables.

Fig. 1 Depth: 87.06 m, Vitrinite (100um), sub-angular, pyrite, RWL, 500 x magnification

Fig. 2 Depth: 27.93 m, Vitrinite, rounded, silty-sandy matrix, RWL, 500 x magnification

Fig. 3 Depth: 62.14 m, Sporinite (microspore), thick-walled, FL, 500 x magnification

Fig. 4 Depth: 62.14 m, Sporinites (various), well-preserved, FL, 500 x magnification

Fig. 5 Depth: 87.06 m, Telalginite, degraded, colonial (Botryococcus?), FL, 500 x magnification
Fig. 6 Depth: 42.22 m, Telalginite, Pediastrum(?), FL, 500 x magnification

Fig. 7 Depth: 37.60 m, Telalginite, Dinoflageliate cysts, degraded, FL, scale bar equals 10 ym

Fig. 8 Depth: 42.22 m, Dinocyst or acritarch, FL, scale bar equals 10 ym

Fig. 9 Depth: 42.22 m, Sporinite, FL, 500 x magnification, scale bar equals 20 ym

Fig. 10  Depth: 63.36 m, Telalginite/Liptodetrinite, colonial, FL, 500 x magnification, scale bar
equals 20 ym

Fig. 11 Depth: 87.06 m, Liptodetrinite, Dinocyst fragment, FL, 500 x magnification, scale bar
equals 20 ym

Fig. 12 Depth: 99.15 m, 2 dinoflagellate cysts, well-preserved, FL, 500 x magnification, scale
bar equals 20 ym

Fig. 13 Depth: 87.06 m, Vitrinite (100um), sub-angular, pyrite, RWL, 500 x magnification

Fig. 14  Depth: 87.06 m, Semifusinite and fusinite (white), shattered, RWL, 200 x magnification
Fig. 15 Depth: 80.00 m, Fusite (microlithotype), 2000 ym, coal fragment, RWL, 200 x
magnification

Fig. 16  Depth: 60.00 m, Dinoflageliate cysts and liptodetritus, FL, 200 x magnification
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Plate lliICore 6814/04-U-02

All pictures were taken with a Zeiss AxioCam® digital video camera (maximum resolution 3600
x 3600 pixel) mounted on a Zeiss Axiophot light microscope using reflected white light (RWL)
and ultraviolet light (UV). Depth is given in meters below sea-floor, i.e. core depth, and reflects
also the sample number given in previous data tables.

Fig. 1 Depth: 10.94 m, Vitrinites, sub-angular, silt-grade quartz, RWL, 500 x magnification
Fig. 2 Depth: 10.94 m, Vitrinites, silt-grade quartz, FL, 500 x magnification, scale bar equals 20

um
Fig. 3 Depth: 10.94 m, Vitrinite (80 pm), angular, RWL, 500 x magnification, scale bar equals 20

um
Fig. 4 Depth: 136.62 m, Sporinite, alginite, typical “Hekkingen Formation”, FL, 200 x
magnification

Fig. 5 Depth: 10.94 m, Amorphous material, uncertain origin, FL, 200 x magnification, scale bar
equals 100 ym

Fig. 6 Depth: 57.70 m, Alginite(?), oil-secreting, FL, 500 x magnification, scale bar equals 20 ym
Fig. 7 Depth: 57.70 m, Vitrinite, vascular bundie (150 x 20 ym), RWL, 500 x magnification, scale
bar equals 20 ym

Fig. 8 Depth: 68.40 m, Telalginite, probably dinoflagellate cyst, FL, 500 x magnification, scale
bar equals 20 ym

Fig. 9 Depth: 109.93 m, Sporinite, heavily degraded, FL, 500 x magnification, scale bar equals
20 ym

Fig. 10  Depth: 109.93 m, Sporinite and amorphous matter, FL, 500 x magnification, scale bar
equals 20 ym

Fig. 11 Depth: 128.49 m, Telalginite, colonial, Botryococcus(?), FL, 500 x magpnification, scale
bar equals 20 ym )

Fig. 12 Depth: 128.49 m, Resinite(?), bedding diagonal to image, FL, 500 x magnification,
scale bar equals 20 ym

Fig. 13 Depth: 128.49 m, Telovitrinite (100 pm), immature, angular, shattered, RWL, scale-bar
equals 20 ym

Fig. 14  Depth: 109.93 m, Amorphous matter (algae/bacteria?), sporinite, silty sequence,

RWL, 200 x magnification

Fig. 15 Depth: 106.62 m, A coarse-grained silt facies, RWL, 200 x magnification

Fig. 16 Depth: 136.62 m, Telaiginite, crosscut, degraded, FL, 500 x magnification, scale bar
equals 20 ym
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Plate IV Core 7430/10-U-01

All pictures were taken with a Zeiss AxioCam® digital video camera (maximum resolution 3600
x 3600 pixel) mounted on a Zeiss Axiophot light microscope using reflected white light (RWL)
and ultraviolet light (UV). Depth is given in meters below sea-floor, i.e. core depth, and reflects
also the sample number given in previous data tables.

Fig. 1 Depth: 49.95 m, Alginite, fish remains, well-preserved, fine-sand quartz (upper left center), FL, 200 x
magnification

Depth: 52.00 m, Uncertain origin (fungal remain?), both ends spherical, FL, scale bar equals 100 pm

Depth: 52.00 m, Fish remains, end of 2.5 mm long particle, unbroken, FL, scale bar equals 100 ym

Depth: 52.00 m, Telalginite, Tasmanites (100 ym), FL, 500 x magnification, scale bar equals 20 ym

Depth: 52.00 m, Alginite, band of filtamentous algae, inertinite (biack), FL, 500 x magnification, scale bar equals

Fig.
Fig.
Fig.
Fig.
20 ym
Fig. 19 Depth: 52.50 m, Fish remain, penetrated sediment surface, FL, 200 x magnification, scale bar equals 100 ym
Fig. 20 Depth: 53.59 m, Alginite, Pediastrum (30 um), very well-preserved, FL, 500 x magnification, scale bar equals 20
gm

Fig. 21 Depth: 53.59 m, Alginite, quenched Leiosphaeridia(?), FL, 1000 x magnification, scale bar equals 10 ym

Fig. 22 Depth: 59.74 m, Semifusinite (sub-rounded) and telovitrinite (angular), RWL, scale bar equals 20 ym

Fig. 23 Depth: 52.50 m, Sporinite (probably pollen grain), alginites, all excellently preserved, FL, scale bar equals 20

pm
Fig. 24 Depth: 39.74 m, Foraminifers (various benthic and plankton) and diatoms, FL, scale bar equals 100 ym

Fig. 2 Depth: 48.72 m, Alginite, bloom of Leiosphaeridia(?), FL, 200 x magnification, scale bar equals 100 ym
Fig. 3 Depth: 48.72 m, Alginite, physically degraded, FL, 500 x magnification, scale bar equals 20 um
Fig. 4 Depth: 48.72 m, Liptodetrinite (resinite and cutinite?), FL, 500 x magnification, scale bar equals 20 ym
Fig. 5 Depth: 49.95 m, Alginite, layered deposition, FL, 200 x magnification, scale bar equals 100 ym
Fig. 6 Depth: 49.95 m, Alginite, warves of algae, prob. reflect. annual cycles, FL, scale bar equals 20 ym
Fig. 7 Depth: 49.95 m, Alginite, sporinite, two facies, FL, 500 x magnification, scale bar equals 20 ym
Fig. 8 Depth: 49.95 m, Fish remains, algae, well-preserved, FL, 500 x magnification, scale bar equals 20 ym
Fig. 9 Depth: 49.95 m, Semifusinite, bronze hue, RWL, 500 x magnification, scale bar equals 20 ym
Fig. 10 Depth: 50.31 m, Funginite, pyritized, RWL, 500 x magnification, scale bar equals 20 ym
Fig. 11 Depth: 50.31 m, Alginite, bloom of Leiosphaeridia(?), FL, 200 x magnification, scale bar equals 100 pym
Fig. 12 Depth: 50.31 m, Alginite, spherical form, thin-walled, extremely well-preserved, FL, scale bar equals 20 ym
Fig. 13 Depth: 50.31 m, Alginite, remain, colonial, Botryococcus(?), FL, scale bar equals 20 ym
Fig. 14 Depth: 50.31 m, Inertinite (funginite?), “Lochsiebstruktur’, RWL, scale bar equals 20 ym
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