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The world is the geologist's great puzzle-box; he stands before it like the child to whom the separate
pieces of his puzzle remain a mystery till he detects their relation and sees where they fit, and then his
fragments grow at once into a connected picture beneath his hand.

— Louis Agassiz

Success is 1% inspiration, 98% perspiration and 2% attention to detail.

— Phil Dunphy


http://todayinsci.com/A/Agassiz_Louis/AgassizLouis-Quotations.htm

Preface

This thesis has been submitted to the Department of Geoscience at the University of Oslo in
accordance with requirements for dissertation for the degree of Philosophiae Doctor. The work that
forms the basis for this Ph.D. thesis was conducted under the supervision of Prof. Dr. Dag Arild
Karlsen and financed by NORECO ASA.

Although first drillings were conducted during the early 1980ies, the Barents Sea is still considered a
frontier area for petroleum exploration. Despite extensive research on the geologic evolution,
sedimentology and stratigraphy, geochemical studies reporting on petroleum systems are scarce. It has
been suggested relatively early in the exploration history that oils and condensates in the region could
be regarded as being mixtures of more than one filling event. Variable results in the early part of the
exploration phase are undoubtedly related to the complexities of the region. It is commonly accepted
that several phases of uplift, erosion and glacial events during the Cenozoic had great impact on
petroleum system elements, but also on already accumulated petroleum. Generation from
miscellaneous source rocks, changes in pressure-volume-temperature conditions, secondary in-
reservoir alteration, large scale remigration and entrapment mechanisms, and leakage of petroleum are

among the processes that impede petroleum system investigation.

The purpose of this work was to provide systematic evaluations of the degree to which oils and
condensates are “blends”, or of singular source rock origin, and to evaluate potential variations in
maturity signatures, biodegradation, migration induced phase-fractionation and source rock facies.
Realizing that petroleum geochemical studies in the Barents Sea may be complicated due to extensive
alteration and blends of oils in traps, an attempt was made to decipher the complex signatures: A full
geochemical fingerprint of each sample in terms of thermal maturity, secondary alteration effects, age,
paleo depositional environments and organic matter input had to be created. Therefore, systematic
analysis of three hydrocarbon compound classes has been applied: (1) light hydrocarbon C,—Cg

compounds, (2) medium range C;,—C,o compounds, and (3) biomarker range C,. compounds.

The results indicate petroleum generation from the early oil window to the late oil/ condensate
window. Phase fractionated condensates and oils have been observed in the western part of the
Hammerfest Basin. Petroleum mixtures have been identified by varying thermal maturities among the
three different compound classes, and paleo biodegradation signatures in combination with fresh,
unaltered charges. This indicates at least two migration events of highly variable maturity and/or even
source rock facies signatures. Similar geochemical characteristics and use of multivariate statistical
analysis led to classification of four petroleum families: (1) Family A: Permian/Triassic sourced, (2)
Family B: Carboniferous sourced, (3) Family C: Jurassic sourced, and (4) Family D: Triassic and
Jurassic sourced condensates. This project found that oils and condensates have source rock specific

origins that can be related to basin locations.
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1 Introduction

1.1 Why Petroleum Geochemistry

Petroleum geochemistry combines the subjects of petroleum geology and organic geochemistry, which
applies chemical principles to study the origin, generation, migration, accumulation and alteration of
petroleum (Hunt, 1979). The origin of petroleum geochemistry can be dated back to the late 19"
century, when petroleum was distilled into its different fractions or cuts to obtain kerosene (Hunt et
al., 2002). In 1954, the first known source rock — crude oil correlation has successfully been employed
by using fractionation techniques, column chromatography and elemental analysis (Hunt et al., 1954).
Yet, the advent of petroleum geochemistry was in the mid-1960s with the commercial availability of
gas chromatographs that led to the development of molecular based source rock parameters
concerning the organic facies and maturity, as well as maturity and facies parameters for use in oil-oil
correlation studies. Most of these correlation parameters were based on gas chromatogram — flame
ionization detector (GC-FID) methodologies, and among the first compounds that have been identified
in sediment and crude oil samples were the n-alkanes. But also methods based on stable carbon
isotopes and elements like Nickel/\VVanadium (Ni/V) have been used for correlation studies. With the
advent of fast scanning mass spectrometers, the gas chromatography — mass spectrometry (GC-MS)

systems developed and so did the biomarker concept in 1964 (Hunt et al. 2002). Biomarkers, also

1



known as chemical fossils, geochemical fossils or biological markers are compounds found in
petroleum and sedimentary rocks that can be linked to their structurally similar precursor compounds
found in living organisms. The discovery of similar biomarkers in both the bitumen of the source rock
and in the expelled petroleum thus established the idea for correlation purposes and also to discern the
origin and occurrence of petroleum (cf. Tissot and Welte, 1984). Since then, powerful methodologies
have been developed and applied in petroleum geochemistry: (1) petroleum — source rock correlation
and petroleum — petroleum correlation, (2) evaluation of thermal maturity based on both source rocks
and petroleum, (3) interpretation of secondary alteration effects such as water-washing, biodegradation
and fractionation in petroleum accumulations, (4) evaluation of organic matter within the source rock
to characterize the depositional environment, and (5) evaluation of petroleum generation kinetics to
assess the thermal history and generation-migration-accumulation processes as part of basin modelling
studies. In 1977 Espitalié et al. introduced the Rock-Eval instrument that soon became a standard
method for source rock characterization and evaluation. With help of the Rock-Eval parameters, it
became possible to easily classify the kerogen type in rocks, the thermal maturity and also the
generation potential of the rocks. Until today, enhancement and development of new analytical
techniques has led to discoveries of new biomarkers in petroleum and sedimentary rocks. Thus,
petroleum geochemistry has experienced a steadily increasing focus in both academia and exploration,
and petroleum geochemistry will continue to play a critical role in finding future petroleum resources
(Peters and Fowler, 2002). For extensive literature on principles and applications of petroleum
geochemistry, the reader is referred to the following books: Tissot and Welte (1984), Bordenave
(1993), Hunt (1995), Killops and Killops (2005), Peters et al. (2005) and Huc (2013).

1.2 Petroleum Formation

The term organic matter “refers solely to material comprised of organic molecules in monomeric or
polymeric form derived directly or indirectly from the organic parts of organisms” (Tissot and Welte,
1984, p.3). Before the organic matter is converted into petroleum, it has to be deposited and preserved.
The organic material is buried together with inorganic particles, and with increasing burial depth these
layers will be compacted to sedimentary rocks. Hereby, the transformation of the organic matter into
petroleum products is strictly depended on geological factors that occur within a sedimentary basin as
e.g., the sedimentation rate and the associated subsidence of the source rocks and the thermal gradient

in the basin.

The transformation of organic matter into petroleum i.e. oil and gas can be divided into three different

maturation stages termed diagenesis, catagenesis and metagenesis (Tissot and Welte, 1984).



Diagenesis

The term diagenesis refers to the earliest stage of alteration of products of primary production (Killops
and Killops, 2005). Biological, physical and chemical reactions occur under low temperature
conditions in sediments close to the surface, with up to a few hundreds or thousands meters of depth
(Tissot and Welte, 1984; Horsfield and Rulkotter, 1994). In temperature regimes ranging from 60—
80°C the organic matter is preserved in the form of biomacromolecules and/or condensed to
geopolymers (Killops and Killops, 2005; Tissot and Welte, 1984). Due to polycondensation the initial
organic matter becomes progressively insoluble with increasing burial depth and time. This process
results in an increased yield of geomacromolecules that are integrated into the sediment (Killops and
Killops, 2005). At the end of the diagenesis, the polycondensed organic matter within the sediment
consists mainly of kerogen, and even some amounts of bitumen (Tissot and Welte, 1984; Killops and

Killops, 2005). The main product that is generated during this stage is biogenic methane (Fig. 1).
Catagenesis

The second stage, also known as the oil and gas generating phase, is called catagenesis. One of the
main processes in this stage is the thermal alteration of kerogen to bitumen. The main driving force for
the formation of bitumen is an increase in temperature that coincides with ongoing subsidence of the
sedimentary basin (Tissot and Welte, 1984). Primary cracking reactions or the generation of petroleum
commonly occur between 70 and 150°C, while the cracking reactions are dependent on the origin of
the kerogen (see next paragraph). A temperature increase determines the expelled and generated
petroleum products. First, hydrocarbons with a high molecular weight will be expelled, but with
ongoing thermal maturation greater amounts of lighter/smaller hydrocarbons will be generated. For
this reason, the catagenesis stage is divided into the oil window and the wet gas zone (Fig. 1). During
the wet-gas zone, mainly C—C bonds tend to break and result in an increasing amount of generated C;—
Cs gases. However, during the metagenesis stage, or the “dry-gas” zone, hydrocarbon generation is

dominated by methane generation (Tissot and Welte, 1984).
Metagenesis

The metagenesis stage is also referred to as the gas generation stage. At great depths the source rock is
exposed to the highest thermal stress (Horsfield and Rullkdtter, 1994). It can be considered as the last
stage of organic matter evolution where only methane, hydrogen and highly carbonized solid organic
matter are stable (Tissot and Welte, 1984; Horsfield and Rullkdtter, 1994). The subsurface
temperatures that occur in the metagenesis stage are, in general, high enough (>200°C) to crack

already generated hydrocarbons i.e. oil into gaseous compounds.
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Fig. 1: Generalized scheme of petroleum generation. The Figure illustrates the relative amount and type of
hydrocarbons that are generated during the three different stages: diagenesis, catagenesis and metagenesis. Note
that with increasing burial depth and increasing maturity the amount of lighter hydrocarbons increases. Modified
after Tissot and Welte (1984) and Allen and Allen (2013).

The kerogen types are defined as Type I-lll, and are described in the order of decreasing petroleum

potential as simplified shown in Figure 2.

Type I kerogen

Kerogen Type | is mainly deposited in lacustrine environments under anoxic and low energy
conditions. The organic material is dominated by lipids deriving from algal material. Yet, some Type-
| kerogens may also derive from bacterially reworked or marine organic matter. Type | kerogen has
the highest H/C ratio and the lowest O/C ratio (Fig. 2), that results in a high oil potential (Tissot and
Welte, 1984; Killops and Killops, 2005; Vandenbrouke and Largeau, 2007).

Type Il kerogen

Type 1l kerogen is formed under reducing marine conditions and mainly derives from allochthonous
and autothonous input of planktonic and higher plant organic matter. Due to the high H/C and O/C
ratios, kerogen Type Il is defined as oil-prone (Fig. 2). Still, kerogen Type Il has the potential to
generate gas under high temperature conditions (Tissot and Welte, 1984; Killops and Killops, 2005;
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Organic matter that constitutes kerogen Type 11l derives from higher plant debris that is, in general,
deposited in terrestrial to deltaic environments where oxic redox conditions prevail. Yet, due to
intensive transportation processes, terrestrial derived organic matter can also be found in deep marine
environments. Type |11 kerogen is characterized by low H/C ratios and high O/C ratios (Fig. 2), which

results in a mainly gas generating hydrocarbon potential (Tissot and Welte, 1984; Killops and Killops,
2005; Vandenbrouke and Largeau, 2007).

Type IV kerogen

Kerogen Type IV is defined as reworked and transported, probably
terrestrial organic matter that has no hydrocarbon generation
potential (Killops and Killops, 2005).

Kerogen, in contrast to bitumen, is insoluble in organic solvents.
During increasing thermal maturation of the source rock, the
kerogen is converted into bitumen. Bitumen can occur as liquid or
solid hydrocarbon deposits, while petroleum encompasses gaseous
and liquid hydrocarbons, i.e. oil and gas. The three main fractions of

bitumen are shown in Figure 3 (Killops and Killops, 2005).

inorganic

Fig. 3: Composition of organic matter in sedimentary rock
(modified after Killops and Killops, 2005)



1.3 Petroleum System Elements

In this project, petroleum geochemical methodologies have been the working tool to evaluate the
relationship between oils and condensate samples in the Norwegian part of the Barents Sea. This was
done for the purpose of a better understanding what is normally referred to as the “Petroleum System”.
The current concept of the “Petroleum System” has previously been described as: “the oil system”
(Dow, 1974), “the generative basin concept” (Demaison, 1984), “the hydrocarbon machine” (Meissner
et al., 1984), and “the independent petroliferous system” (Ulmishek, 1986). However, the petroleum
system concept was later redefined as “the genetic relationship between a pod of active source rock
and the resulting oil and gas accumulations” (Magoon and Dow, 1994, p.3), including all relevant
geologic elements and processes that occur in time and space and finally lead to the accumulation of
petroleum. These essential elements are source and reservoir rocks, seal rocks and overburden rocks
(Fig. 4), while the processes include trap formation and generation-migration (primary and
secondary)-accumulation (Magoon and Dow, 1994). The term “petroleum” refers to elevated
concentrations of: (1) thermal or biogenic gas, (2) condensates, (3) crude oils, and (4) asphalts that
occur in nature (Magoon and Dow, 1994). One of the most powerful tools in petroleum systems
analysis is the application of petroleum geochemistry. Source rock evaluation and analysis of liquid
and gaseous hydrocarbons provide essential input data for basin modelling studies. Petroleum
geochemistry integrates chemical principles for investigation of the origin, migration, accumulation

and alteration of petroleum (Brooks and Welte, 1984).

Oil seepage

immaturity

Qil window

Gas window

Fig. 4: Sketch summarizing the essential elements of a petroleum system (Huc and Vially, 2012)



A petroleum system investigation commonly starts with the discovery of a hydrocarbon accumulation
regardless of size (Magoon and Dow, 1994). The lowermost element in a petroleum system, the source
rock, can be characterized by three geochemical requirements: (1) the quantity of the organic matter,
(2) the quality of the organic matter, and (3) the thermal maturity or the extent of burial heating (Peters
and Cassa, 1994). The source rock can furthermore be defined as active when hydrocarbons are
generated and expelled, as inactive when hydrocarbon generation terminated, and spent when the

source rock reached the post mature stage.

All rocks that have sufficient porosity, either primary or secondary, and have a high permeability that
allows fluid exchange e.g., water and oil, can be considered as a reservoir rock. The reservoir rock can
be considered as a part of the carrier system. The function of the cap rock is to hold the petroleum
accumulation in place (Fig. 4). Therefore the displacement or capillary pressure of the cap rock has to
be greater than the upward buoyancy pressure of the underlying petroleum column (Downey, 1994). In
general, ductile cap rocks as e.g., salt or anhydrite provide greater chances to preserve a petroleum

accumulation in comparison to carbonate mudstones or cherts (Downey, 1994).

For a trap to be efficient, the reservoir rock and the cap rock, both considered being critical elements,
have to be in place. Traps are defined as a geometric arrangement of rocks that allows petroleum to
accumulate, whereas they must be capable of exchanging fluids e.g., water and oil. Thus, traps can
also be regarded as focal points of active fluid exchange (Biddle and Wielchowsky, 1994) and can
occur as structural, stratigraphic or a combination of both (Fig. 4). The largest part of the basin fill is
the overburden rock. Positive aspects linked with the overburden rock are the burial of the source
rocks to greater temperature regimes and the associated thermal maturation. Furthermore, the
compaction of cap rocks, which increases the sealing capacity, can be understood as a positive effect.
On the other hand, the compaction of reservoir rocks and the associated reduction in porosity and

permeability can also be ascribed to burial by the overburden.

After the petroleum has been generated in the source rock it eventually reaches a porous and
permeable carrier system, where the petroleum will migrate into the reservoir (England et al., 1987).
However, the process of migration can be subdivided into various steps. Primary migration is the
process where the generated petroleum initially moves from the fine-grained, low permeable source
rock into the more permeable carrier rock (Hunt, 1979; Tissot and Welte, 1984; England et al., 1987).
Secondary migration is referred to the movement of petroleum beyond the point where the
hydrocarbon exits the pod of active source rock (England, 1994). Secondary migration, in general,
occurs within a permeable carrier rock, a carrier network or along faults and terminates in a petroleum
accumulation if all reservoir requirements are met (Tissot and Welte, 1984; England et al., 1987). One
unknown variable is the amount of the generated and expelled petroleum that finally reaches the

reservoir (England, 1994).



The history, capacity and efficiency of a trap define the durability of a petroleum accumulation that
can range from a few million years to several hundreds of million years (Huc, 2013). Huc (2013)
furthermore suggests that a trap can be understood as a transition zone that delays the movement of
petroleum to the surface. Nonetheless, successful accumulation of petroleum requires the presence of a
low permeable and sealing rock that restricts further vertical movement by capillary forces (England et
al., 1987).

1.4 The Arctic as a Key Petroleum Province for Future Fossil Fuel Resources

Due to the steadily increasing world population, energy consumption will grow by ca. 56% between
2010 and 2040 (U.S. Energy Information Administration, 2014). Even if renewable energy sources
increase with up to 2.5% each year, fossil fuels will still be the most dominant and important energy
supply with up to 80% through 2040 (U.S. Energy Information Administration, 2014). Due to rising
energy consumption and the resulting increase in demand for fossil fuels, the search in areas that were
not previously open for petroleum exploration is inevitable.

In respect to commercial exploitation, the Arctic regions north of the Arctic Circle (66°N) (Fig. 5)
have been drawn attention resulting in 450 discoveries representing almost 40 different petroleum
systems (Chew and Abouille, 2011). The United States Geological Survey (USGS) estimated that
about 30% of the world’s undiscovered gas and 13% of the world’s undiscovered oil may be found in
high latitudes (Gautier et al., 2009). In this scenario, the Barents Sea is considered one of the major
future petroleum provinces in the world. Klett et al. (2009) estimated the recoverable petroleum
reserves on the Barents Shelf, for both Norwegian and Russian waters, to be more than 11 billion
barrels of crude oil, 380 trillion cubic feet of natural gas and 2 billion barrels of natural gas liquids. A
vast amount of these undiscovered reserves are suggested to be found offshore in water depths less
than 500m.
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1.5 The Norwegian Barents Sea

The first licenses for oil and gas exploration in the Norwegian Barents Sea were awarded in 1979,
leading to the discovery of the Alke and Askeladd gas fields in 1981 (Fig. 6), and the Snghvit
discovery in 1984. Before the end of 1989, 45 exploration wells were drilled in the Norwegian part of
the Barents Sea and all discoveries were made in the Hammerfest Basin (Fig. 6). Jurassic sandstones
have been proven to be the most valuable (Johansen et al., 1993). Due to the fact that mainly gas
bearing reservoirs have been encountered in the Norwegian part, the Barents Sea was mainly
considered a gas prone area and suffered low exploration interest. However, optimism turned back
when the Goliat discovery (wells 7122/7-2, 7122/7-3, 7122/7-4 S) was made in 2000 (Fig. 6). The
revival in Barents Sea exploration led to a total number of 149 drilled wells until the end of 2016,
while the success rate is about 50% of direct oil and gas discoveries with most of the dry wells
containing oil and gas shows (Norwegian Petroleum Directorate, 2015). The new hope for finding
more oil is mainly based on exploration results obtained during the last 5 years: the Johan Castberg
discovery (Skrugard, well 7220/8-1, April 2011; Havis, well 7220/7-1 January 2012; Drivis, well
7220/7-3 S, May 2014), Nucula discovery (well 7125/4-2, early 2007), Wisting Central discovery
(well 7324/8-1, September 2013); the Gotha discovery (well 7120/1-3, October 2013); and the Alta
discovery (well 7220/11-2, October 2014) among others. Until now, most discoveries have been made
in the western part of the Norwegian Barents Sea. A breakthrough was reached with the discoveries of
the Gotha and Alta fields on the Loppa High. The discoveries have been successfully tested in
Permian carbonates, and for the first time, a Permian carbonate play has been proven on the
Norwegian Continental Shelf. Therefore, the Loppa High area gained rising interest, and it is believed
that several discoveries will be made in the same formations. However, other promising areas for
future exploration are the southeastern Barents Sea, close to the Russian part and the Hoop area in the

north.
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2 Petroleum Geology of the Barents Sea

The following paragraph provides an overview about the geological evolution of the Barents Sea and
the most important source rock and reservoir rock intervals. Furthermore, the effects of uplift and

erosion on petroleum systems elements are described.

2.1 Geological Evolution

The Barents Sea is an intra-cratonic basin located between the Norwegian and Russian mainland in the
south and Svalbard in the north. In the west it is bordered by the Norwegian—Greenland Sea and by
Novaya Zemlya in the east (Fig. 5). Faleide et al. (1984) and Worsley (2008) described the highs,
basins, platforms and diapiric provinces as main the structural elements (Fig. 6) that developed from
Devonian to Early Cenozoic (Faleide et al., 2008), and which have been active at varying times during
the geologic history (Ngttvedt et al., 1993).

The closure of the lapetus Ocean in the Late Cambrian can be seen as the earliest compressional event
related to the Caledonian orogeny that initiated the NE-SW oriented structural trend (Berglund et al.,
1986). Thus, it was suggested that mainly Caledonian trends have influenced the structural
development from the Late Paleozoic to Cenozoic times (Faleide et al., 1984; Gabrielsen et al., 1990).

Deposition of Old Red Sandstones has been the result of uplift and erosion of the Caledonian orogen
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during Late Silurian—Early Devonian times (Faleide et al., 1984). Rifting during the Late Devonian—
Middle Carboniferous resulted in the formation of depressions and graben structures (Ngttvedt et al.,
1993) that were characterized by the accumulation of thick sedimentary packages representing
clastics, carbonates and evaporites (Faleide et al., 1984).

Tectonic quiescence and increasing sea-level during the Late Carboniferous—Permian initialized the
evolution of carbonate platforms, while hypersaline sediments were deposited during sea level low-
stands (Ngttvedt et al., 1993; Worsely, 2008). Thick evaporative layers were deposited in the deep
Nordkapp Basin that developed during this stage (Worsley, 2008). Changing climatic conditions
resulted in sedimentary facies shifts that occurred at the end of the Early Permian and resulted in an
increased deposition of mixed terrigenous and marine clastics (Faleide et al., 1984). Re-alignments,
intracratonic rifting, uplift and changes in water temperatures led to the deposition of siliceous shales,
carbonates and cherts on shelf areas in the Late Permian (Faleide et al., 1984; Nattvedt et al., 1993,
Worsley, 2008).

Regional subsidence in the Barents Sea during the Early—Middle Triassic occurred due to increased
sediment supply from the Ural Mountains, the Timan Pechora and the Baltic shield (Faleide et al.,
1984, Mark et al., 1989). Series of thick Triassic sequences that consist of marine shales, siltstones
and sandstones were deposited due to the interplay of tectonics and eustatic sea level changes (Faleide
et al., 1984; Npottvedt et al., 1993), while a tensional regime resulted in slight reactivation of pre-
existing structures (Berglund et al., 1986). The Late Triassic was a period of continued tectonic
quiescence and huge deposition resulted in further subsidence in the western part (Berglund et al.,
1986), while non-deposition and erosion prevailed in the eastern and the northern part of the Barents
shelf (Ngttvedt et al., 1993).

The Late Triassic—Early Jurassic boundary is characterized by uplift and erosion in the central south,
while mainly deltaic sedimentation occurred in the west (Ngttvedt et al., 1993). The deposition of
alternating continental and marine sediments was the result of a complex interplay between tectonic
subsidence and eustatic sea level changes (Berglund et al., 1986). A relative sea level rise continued
from the end of the Early Jurassic towards the Middle Jurassic, which resulted in more marine
conditions (Berglund et al., 1986; Ngttvedt et al., 1993). This marine transgression was followed by a
regional hiatus in the late Middle Jurassic before repeated tectonic activity, triggered by sinistral shear
(Ziegler, 1988), resulted in block faulting and footwall uplifts along the structural highs in the western
part (Ngttvedt et al., 1993). Restricted basin circulation during the Late Jurassic led to the
development of reducing/anoxic conditions and the deposition of widespread organic rich shales of the
Hekkingen Formation (Faleide et al., 1984; Berglund et al., 1986).

Renewed tectonic activity during the Late Jurassic—Early Cretaceous established the present day

structural configuration (Gabrielsen et al., 1990). Repeated faulting during the Early Cretaceous
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caused the development of deep-seated normal faults, whereas sea level fluctuations resulted in
hiatuses and unconformities in the southern Barents Sea (Ngttvedt et al., 1993). Marine shales of the
Knurr and Kolje Formations were deposited in basin centers in the western part of the Barents Sea,
while erosion of sandy sediments occurred on structural highs (Ngttvedt et al., 1993). A regression
during the Barremian—-Aptian was followed by a transgression during Aptian—Albian times that
resulted in deposition of the Kolmule Formation (Ngttvedt et al., 1993).

The continental break-up of the North Atlantic margin resulted in an opening of the Norwegian—
Greenland Sea at the Paleocene/Eocene boundary ca. 55-54 Ma ago. Faleide et al. (2008) reported that
pull-apart basins formed in the southwestern Barents Sea due to extension between Norway and
Greenland. An overall sea level rise has been indicated by deposition of shales with a uniform
thickness across the southwestern Barents Sea in the late Paleocene (Ngttvedt et al., 1993).
Sedimentation during the Paleocene—Eocene was followed by an uplift and erosion of the western
shelf that has been related to an early phase of sea-floor spreading, while a passive margin developed
during the Middle Oligocene (Berglund et al., 1986).

A distinct unconformity that covers the whole shelf can be related to the Northern Hemisphere
Glaciation that started 2.6 Ma ago (Faleide et al. 2008). Vorren et al. (1991) considered the deposition
of sediment wedges on the Barents Sea margins as a result of repeated uplift and glacial erosions,
which resulted in regional tilting of the margin (Faleide et al., 2008).

2.2 Source Rocks of the Barents Sea

The Barents Sea is considered an overfilled basin with several potential source rock intervals on

different stratigraphic levels (Ohm et al., 2008). These are described in the section below.

Carboniferous shales of Visean age with fair to good petroleum potential have been reported on the
Finnmark Platform by Pedersen et al. (2005), while Johansen et al. (1993) reported about locally
deposited source rocks with very good source quality in restricted basins. The potential to generate oil
and gas has been described for the oil prone, coal bearing Lower Carboniferous Tettegras Formation
(van Koeverden et al., 2010) that was deposited in deltaic to coastal plains (Ehrenberg et al., 1998).
Tettegras Formation deposits in graben structures may serve as important source rock intervals and
can furthermore be compared with its equivalent, the Billefjord shales on Svalbard (Abullah et al.,
1988; Ngttvedt et al., 1993).

While Lower Permian Brucebyen Beds on Svalbard have been reported with oil potential (Ngttvedt et
al., 1993), only poor to moderate potential has been reported for the Lower Permian Evaporites in the
Nordkapp Basin (Johansen et al., 1993). Furthermore, Stemmerik and Worsley (2005) mentioned

limited source potential for Upper Permian shales and spiculites. The Rgye Formation (Fig. 7),
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deposited in low-energy, deep shelf to distal marine environments (Larssen et al., 2002), was tested oil

prone in the eastern part of the study area (Pedersen et al., 2005). Additional gas potential of thin and

organic rich shales of the Upper Permian @rret Formation, which was deposited in deep dysoxic to

anoxic shelf settings, has been reported by Johansen et al. (1993) and Larssen et al. (2002). Further

Upper Permian source rocks, however, must also exist in the western part of the study area, i.e. on the

Loppa High as the very recent Gotha discovery (7120/1-3) has been reported to be charged from

Upper Permian, carbonate to evaporitic source rocks (pers. commun. Pedersen, 2015).

One of the most studied and widely distributed source rock units in the Barents Sea are the Lower—

Middle Triassic, marine and organic rich intervals of the Havert, Kobbe and Klappmyss Formations

that are equivalent to the Botneheia Formation on Svalbard (Mgrk and Bjorgy, 1984; Riis et al., 2008;
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Lundschien et al., 2014). The Botneheia
Formation mainly consists of shales with
kerogen Type Il, while Type | kerogen in
addition may locally increase the generation
potential (Merk and Bjorgy, 1984; Vigran et
al., 2008). While organic rich, Lower—Middle
Triassic mudstones in the Hammerfest Basin
have been deposited in lagoonal or lacustrine
settings, woody fragments may explain a more
humid paleo-depositional environment in the
Svalis Dome area (Leith et al., 1993).
the  Steinkobbe Kobbe

Formations from the Svalis Dome have

However, and
recently been described as deposited under
restricted marine conditions (Abay et al.,
2014). Deposition under fluvio-deltaic, oxic to
dysoxic conditions that account for higher
amounts of Type Il kerogen is suggested for
the Kobbe Formation from the Nordkapp
Basin and the Bjarmeland Platform.

Fig. 7: Lithostratigraphic chart of the SW
Barents Sea with indicated source rocks (SR)
and reservoir rocks (RR) (modified after
Norlex, 2015).



Upper Triassic shales of the Snadd and Fruholmen Formations (Fig. 7 were deposited in transitional
environments (Ohm et al., 2008), and show good petroleum generation potential (Pedersen et al.,
2005) comparable to the Lower—Middle Triassic shales (Johansen et al., 1993).

Due to the rapid build-out and westward migration of clastic systems from Novaya Zemlya during
Triassic times, organic matter deposited under hypersaline, lagoonal, marine-proximal and marine-

distal conditions has been considered by Brekke et al. (2001).

The Lower Jurassic Tubden and Nordmela Formations are potential source rocks in the western part of
the Barents Sea. Both source rock intervals are characterized by mixed terrestrial and marine organic
matter input. Due to higher amount of terrestrial derived matter, the Nordmela Formation has the
capability to generate more waxy oil compared to e.g. the Upper Jurassic Hekkingen Formation (Ohm
et al., 2008; Stewart et al., 1995).

The organic rich shales of the Upper Jurassic Hekkingen Formation (Kimmeridge equivalent) are the
most widely distributed source rocks in the western part of the Barents Sea and exhibit a much more
uniform facies signature compared to the Triassic source rocks. The Hekkingen Formation contains
Type IlI-111 kerogen with excellent potential to generate both oil and gas (Karlsen, 2014). The
petroleum potential is locally restricted and highest in the Hammerfest Basin, with immature to early
mature levels farther to the east, while gas mature and overmature conditions prevail towards the west

and in the Tromsg Basin.

Shales of the Cretaceous Kolje Formation are mature in the western part of the study area (Johansen et
al., 1993). Their potential to generate hydrocarbons varies from gas to oil-prone, corresponding to

marine Type Il to 1I/111 kerogen (Pedersen, 2014).

An overview about geochemical characteristics of the mentioned source rocks based on Rock Eval

parameters is provided in Figure 8.
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Fig. 8: Rock Eval parameters characterizing the kerogen type, the thermal maturity and the hydrocarbon
generation potential for source rock samples from the Carboniferous to the Cretaceous (Lerch 2015, unpublished
data).
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2.3 Reservoir Rocks of the Barents Sea

Paleozoic reservoir rocks were mainly deposited as carbonate platforms. Fluctuating sea levels related
to Gondwanaland glaciations resulted in a cyclicity of aerial and sub-aerial exposure that had an
important impact on the reservoir characterization. Stewart et al. (1995) reported that during sea level
lowstands dolomitazation and leaching of the carbonates resulted in karst formation that in turn
enhanced the porosity. The Late Carboniferous—Early Permian @rn Formation has been reported with
porosities between 15 and 20% (Henriksen et al., 2011a). These shallow water carbonates and
dolomites show varying thickness over the shelf whereas thinner, carbonate dominated beds are found
on inner platforms that thicken towards distal platforms (Larssen et al., 2002). Silicified limestones of
the Upper Permian Rgye Formation have been described from the Loppa High and the Finnmark
Platform (Larssen et al., 2002). Due to secondary solution processes, these spicultic cherts are

characterized with an average porosity of 22% in well 7128/6-1 on the Finnmark Platform.

The reservoir potential of Triassic rocks has been reported as highly variable (Henriksen et al., 2011a).
The variation in reservoir potential can be mainly related to source distance and diagenetic alteration
during burial (Doré, 1995). The Lower Triassic Havert Formation has been deposited in offshore to
marginal marine environments and shows an effective porosity of around 3%. Improved reservoir
quality can be observed in the topmost Havert Formation, which experienced shallower burial and less
diagenetic alteration (Henriksen et al., 2011a). The Anisian Kobbe Formation varies in thickness from
170 to 280m and forms high quality reservoirs in the topmost section on the Finnmark Platform
(Dalland et al., 1988; Henriksen et al., 2011a). Slightly better reservoir qualities are reported for the
distal marine deposited Anisian—Early Norian Snadd Formation (Dalland et al., 1988). Porosities up to
30% have been shown by Henriksen et al. (2011a), who also concluded that the Snadd Formation
represents the best reservoir units in the Triassic section. The approximately 200m thick Norian—
Rhaetian Fruholmen Formation consist of sandstones, shales and minor coal occurrences that were
deposited in fluviodeltaic to floodplain environments (Dalland et al., 1988). Berglund et al. (1986)
considered an overall low reservoir potential due to the lack of lateral connection. However, major
channelized sand bodies with a maximum thickness of 30m show good reservoir properties (Berglund
et al., 1986; Henriksen et al., 2011a). The 50 to 130m thick Rhaetian—Hettangian and upward
coarsening Tubaen Formation, which is dominated by sandstones with subordinate shales and minor
coals, was deposited on delta front to upper delta plain environments (Dalland et al., 1988). Lateral
and widespread distribution resulted in good reservoir potential (Berglund et al., 1986). The Tubaen
Formation is characterized by lower and upper sand rich parts that have been deposited in tidal inlets
or estuarine environments under high energy. However, interbedded shales in the northwest reflect

more distal deposition, while shales and coals in the southwest suggest a more proximal deposition.
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The Nordmela Formation was deposited during the Sinemurian—Pliensbachian and consists of very
fine to fine grained upward coarsening sandstones. Interbedded siltstone and shaly layers that are
dominant in the upper part represent deposition in deltaic embayments (Dalland et al., 1986), while
coaly fragments point towards coastal plain environments that have been cut by distributary channels
(Stewart et al., 1995). The whole formation is 60—200m thick, with increasing values towards the west
(Dalland et al., 1986). The Lower—Middle Jurassic (Pliensbachian—Bjaocian) Stg Formation is
characterized by a strongly varying sedimentology among the reservoir horizons (Stewart et al., 1995).
However, 20-30% porosity and good permeability in the main sandstone bodies and good reservoir
continuity have been reported in the Hammerfest Basin (Berglund et al., 1986; Stewart et al., 1995)
Cyclic deposition of medium to fine grained, marine sand sheets have been thought to represent a high
energy shallow-marine environment, while it has been suggested that upward coarsening sequences
display delta front and delta plain repetitions (Berglund et al., 1986; Stewart et al., 1995). The 77—
145m thick section is thickest in the SW and thins out towards the east. Interbedded shales and
siltstone horizons reflect several sea level fluctuations at the time of depositions (Dalland et al., 1988).
The Stg Formation is considered as the most important reservoir rock in the SW-Barents Sea since it
holds an estimated volume of 85% of the Norwegian hydrocarbon reserves (Larsen et al., 1993), like
for example in the major hydrocarbon discovery of Snghvit (Johansen et al., 1993).

Cretaceous reservoir intervals of the Neocomian age commonly consist of poorly defined wedges
deposited in fan delta environments (Knutsen et al., 2000), have low reservoir quality and appear
locally around the Loppa High (Larsen et al., 1993; Doré, 1995). However, petroleum accumulations
in Cretaceous sandstones could be found in the east, where these sands are distributed over a greater
area. Johansen et al. (1993) for example reported that Neocomian sandstones hold major hydrocarbon

reserves east of Novaya Zemlya and in the Kara Sea.

Cenozoic sandstones have been deposited around structural highs, but the distribution and potential of
Cenozoic reservoirs is unknown (Johansen et al., 1993). However, Doré (1995) reported minor gas
accumulations in sandstones of Oligocene age, thus demonstrating the potential of Cenozoic

reservoirs.
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2.4 Influence of Uplift and Erosion on Petroleum Systems

This paragraph elaborates the effects and implications of several episodes of uplift and erosion, which
have been one of the major concerns regarding petroleum systems in the Barents Sea.

2.4.1  Cenozoic Uplift and Erosion

As early as 1904 Fridjof Nansen estimated, based on bathymetric measurements, uplift and erosion of
nearly 500m on the Barents Sea shelf (Nansen, 1904). Many years later, uplift and erosion were
confirmed by several methods described in Vorren et al. (1991) and Doré and Jensen (1996) e.g.,
vitrinite reflectance, volumetric calculations, diagenetic and geochemical modelling, apatite fission
tracks and shale compaction curves. The timing of erosion is crucial to petroleum system studies as it
will have significant influence with respect to generation, migration, accumulation and all related
processes. Yet, even though the scientific community agrees on exhumation, erosion and re-burial of
the Barents Sea, disagreement prevails considering the timing and the extent of the exhumation (Green
and Duddy, 2010).

Three major episodes of tectonic related uplift have been described by Cavanagh et al. (2006) who
compiled a detailed review of data available until 2006: (1) Late Paleocene (55-50Ma), (2)
Oligocene—Miocene (30-15Ma), and (3) Late Pliocene—Pleistocene (2.5-0Ma). The amount of erosion
has been suggested ranging between 500 and 1500m for the Hammerfest Basin.

However, Ohm et al. (2008) suggested uplift and erosion in at least three episodes, which occurred at
slightly different ages: (1) Paleocene (60Ma), (2) Oligocene (33Ma) and (3) Pliocene — Pleistocene
(5Ma). Ohm and co-authors calculated 200m, 600m and 650m of uplift in the Hammerfest Basin for
the three stages, respectively, and argued that the latter two can be considered the most significant.
Furthermore, two general trends have been described by Ohm et al. (2008): (1) increasing amount of
eroded sediment from west to east, and (2) increasing amount of uplift towards the north and
northwest, a trend that has also been shown by Nyland et al. (1992). The lowest amount of erosion (0—
500m) is observed in the Tromsg Basin, while the western part of the Hammerfest Basin experienced
uplift in the range of 500-1000m. The Troms-Finnmark Fault Complex, including the Goliat field
(wells 7122/7-1, 7122/7-3, 7122/7-4-S), has been uplifted ca. 1500m. 1000m of uplift has been
reported for the Nordkapp Basin and the Finnmark Platform. However, increasing amounts of uplift
are shown towards NE Bjarmeland Platform (1500-2000m), while uplift on the Loppa High ranges
from 1000m on the southern margin to 2500m on the northern margin and the Stappen High (Ohm et
al., 2008).

While Cavanagh et al. (2006) and Ohm et al. (2008) suggested additional exhumation, cooling and

erosion initiated by several glacial events, Green and Duddy (2010) state that the glacial influence
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during the Pliocene and Pleistocene can be neglected. Furthermore, Green and Duddy (2010) divided
the study area in two parts that have individually been affected by exhumation and erosion. Based on
apatite fission track analysis and vitrinite reflectance on samples from well 7120/9-2 they concluded
two exhumation events in the SW part of the Barents Sea: (1) 2km of uplift in the Early Eocene (40—
35Ma), and (2) 1km uplift in the Late Miocene (10-5Ma). Much wider intervals are reported for the
northern and north-eastern part of the study area: (1) Early Paleocene — Mid Miocene (60-45Ma), (2)
Mid Miocene — Late Miocene (40-35Ma), and (3) Late Miocene — Holocene (10-0Ma) (Green and
Duddy, 2010).

A more general trend has been described by Henriksen et al. (2011b), who report on gross uplift
values between 1000 and 3000m based on different well data, which, considered separately,
demonstrate different trends. Yet, Henriksen et al. (2011b) indicates that net erosion maps based on
single values can be uncertain and that the difference in some cases might be as much as 500m.

A more recent study by Baig et al., (2016) calculated average exhumation values ranging from 800 to
1400m in the Hammerfest Basin, 1150 to 1950m on the Loppa High, 1200 to 1400 on the Finnmark
Platform, and 1250m to 2400m on the Bjarmeland Platform. Baig et al., (2016) concluded that
significant amounts of erosion occurred due to pre-glacial uplift.

In contrast to Green and Duddy (2010), Laberg et al., (2012) reasoned that glacial and fluvio-glacial
processes during the last 2.7Ma can be considered the dominant mechanisms that resulted in erosion.
Laberg et al. (2012) calculated that between 2.7 and 1.5Ma, 170 to 230m of sediment has been eroded.
From 1.5 to 0.7Ma, the total erosion rates were in the range of 330-420m, and in the last 0.7Ma
sedimentary cover in the range of 440 to 530m has been eroded.

Different timings of exhumation and variations in the amount of erosion let Dimakis et al. (1998)
conclude that amount of glacially induced erosion amounts up to 2/3 of the total erosion, while
Rodrigues Duran et al. (2013) on the contrary, decided to define the Oligocene—Miocene erosion (up

to 1000m) being more significant than the Pliocene—Pleistocene event (up to 500m of erosion).

It is often ignored that the uplift and erosion on this scale implies that the shelf was, during these
periods, dry land. Dimakis et al. (1998) report that the average subaerial exposure in the SW Barents
Sea was about 150m. This implicates that meteoric water driven into the basin has the potential for

biodegradation (Matapour and Karlsen, 2016).

The correlation of the cited literature implicates that there are still some uncertainties about the timing
of the exhumation and the amount of the erosion. It is in agreement that different parts of the Barents
Sea experienced faster and/or slower uplift than others, and that the petroleums systems elements have

been affected at different times and distinct intensities.
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2.4.2 Source Rock Maturation

The thermal maturation of source rocks is commonly assumed to be dependent on both increasing
temperature and time in the subsurface. However, temperature is thought to be the most important
factor (Tissot et al., 1987). Tissot and Welte (1984) mentioned that maturity is exponential in
temperature, but only linear in time. As the process of thermal maturation is an irreversible process,
the uplift of source rocks into cooler temperature regimes has a negative impact on further generation
of hydrocarbons, albeit Stainforth (2009) showed that expulsion has a different type of kinetics
compared to generation, and that expulsion of oil and gas will continue for some time during uplift.
Thus, generation from uplifted source rocks will only resume when the temperature exceeds those
reached prior to uplift by renewed burial (Doré et al., 2000). However, it has been reported that
expulsion from uplifted source rocks can still be active for some time until it finally terminates, and
that gas can exsolve from unexpelled oil due to pressure reduction. This gas will provide a driving
force for migration. These two processes may give the possibility of reservoir charging even during or
after uplift (Doré and Jensen, 1996).

2.4.3 Reservoir Quality

Uplift has a strong negative impact on reservoir quality. Compactional and diagenetic processes such
as quartz cementation and authigenic clay mineral formation that occur with increasing burial depth
reduce permeability and porosity (Doré and Jensen, 1996). Thus, reservoirs that have been uplifted
show poorer reservoir quality than expected at their actual burial depth. However, reservoir
enhancements due to fractures, which may facilitate the influx of remigrated or redistributed
petroleum during uplift, may have a positive effect on reservoir quality (see next paragraph). Brittle
reservoir rocks that have the potential to produce fractures during uplift are quartzites, tightly
cemented sandstones and dolomites. Fractures that develop during the removal of overburden thus
increase the permeability and porosity and can commonly be observed at shallower depths in the
eastern part of the Norwegian Barents shelf as e.g., in well 7128/4-1 on the Finnmark Platform (Doré
and Jensen, 1996, and references therein). Furthermore, it may also be possible that changing water
chemistry and increased meteoric water flow at shallow depths increase the probability that minerals
become unstable (Bjgrlykke, 2015).

2.4.4 Seal Properties

In the Hammerfest Basin, numerous dry wells have encountered residual oil saturation and paleo oil

columns of up to 200m (Augustson, 1993; Larsen et al., 1993). This suggests massive oil generation in
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the past. One of the most important questions that arose during the early exploration days was related
to: “Where has all the oil gone?” It is commonly assumed that the loss of oil or remigration from the
traps is closely linked to the uplift (Nyland et al., 1992; Doré and Jensen, 1996). Cap rock failure due
to exhumation and/or reactivation of faults is considered the main reason for loss of petroleum (Larsen
et al., 1993; Corcoran and Doré, 2002; Ohm et al., 2008; Henriksen et al. 2011b; Ostanin et al., 2012).
The most important properties that influence the seal efficiency are the capillary entry pressure of the
seal and its ductility, which changes with pressure and temperature under exhumation (Corcoran and
Doré, 2002). It has been reported by Sales (1997) that top seal integrity could be a major risk factor in
an exhumed basin, while Doré et al. (2000) emphasized the ductility of seals as the most critical
component. Doré and co-authors reported that the possibility of rupturing and leaking is more likely
for brittle shales, while ductile shales and evaporites tend to retain their sealing capacity because the
latter mentioned are characterized by a more plastic behavior. Processes that influence cap rock
properties during uplift include erosion, tectonic deformation, shear failure and hydro fracturing
(Corcoran and Doré, 2002). Based on these facts, it is clear that the interaction between seal
efficiency, hydrocarbon filling, spilling and leakage is one of the most critical processes considering
uplift (Doré and Jensen, 1996). For this reason, Sales (1997) devised a model illustrating three
different trap styles that control entrapment of petroleum. He described class 1 traps as gas-containing
only, filled to spill, with tight cap rocks and spilling both gas and oil. Class 2 traps contain both oil and
gas, and they spill oil and leak gas. Class 3 traps on the other hand are never filled to spill, and are
defined as containing mainly oil, due to their ability to leak both oil and gas and spilling neither. The
latter trap remains an oil trap if the rate of supply of petroleum exceeds the rate of loss, i.e. this is a
dynamic trap. In contrast to older views, which suggested that only a thick cap rock is a good cap rock,
studies by Karlsen and Skeie (2006) and Ohm et al. (2008) suggest that the cap rock does not have to
be thick as long as it can hold back the oil. Thus, it is important to remember that some of the major
oil provinces in the USA and in the Middle East represent uplifted basins. For these reasons, it seems

wrong to treat uplift in the Barents Sea only in a negative way.

2.4.5 Migration, Remigration and Changes in PVT Conditions

Considering the three different trap classes discussed by Sales (1997), it is equally important to
remember the concomitant changes in reservoired petroleums that occur due to pressure-volume-
temperature (PVT) changes. Because PVT conditions in the subsurface change dramatically with
uplift and erosion, the amount of uplift is of greatest importance for petroleum system analysis. Two
important processes should be mentioned in this context: (1) phase fractionation of petroleum where
gas separates from the saturated liquid, and (2) the expansion of gas of both the already present gas
and the separated gas (cf. Karlsen and Skeie, 2006). Gussow (1954) mentioned that a trap buried to

1890m is capable of holding 200 times more gas than under atmospheric conditions. A standard North
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Sea oil (reservoired at 40Mpa and 105°C) consists of up to 50mol% methane with a total weight of
11% (England et al., 1987). Hence, the volume of gas and LHC compounds increase drastically when
a reservoir is uplifted to shallower depths. As already mentioned under paragraph 2.4.1, the amount of
uplift and erosion are discussed controversially, that in could in turn affect migration, remigration and

fractionation processes.

In Paper 1 (page 170), it has wrongly been stated that “If the reservoir reaches shallower depths (e.g.,
due to exhumation), gaseous compounds and LHC will dissolve and form a two-phase fluid.” The
correct statement should be: “If the reservoir reaches shallower depths (e.g., due to exhumation),
gaseous compounds and LHC will exsolve and form a two-phase fluid”. In order to support this
statement, Figure XXX has been prepared. Figure 9a shows a representative phase envelope diagram
for oils and condensates from the Hammerfest Basin adopted from di Primio et al. (1996). The
diagram indicates that with decreasing temperature and pressure (along an assumed regional pressure
and temperature trend), the phase envelope of both the liquid and the gaseous/condensate phase
decrease (di Primio et al., 1996). It is shown that the critical point of the saturated liquid phase moves
towards lower temperatures and pressures, leading finally to exsolution of gaseous compounds. The
liquid phase thus increases in density, but loses its low molecular weight compounds. A reduction in
the GOR can be observed that leads to undersaturation of the liquid phase (see Fig. 9b). The novel
generated gaseous phase however, is characterized by a lower density than its parent liquid phase that
is related to enrichment of low molecular compounds. In turn, an increase in the GOR compared to the
parent liquid phase can be observed (see Fig. 9). The modification of physical subsurface parameters
(pressure, temperature) and differences in physical properties of the liquid petroleum and the
segregated vapor phase (density, viscosity) may enhance differential migration and entrapment (di
Primio et al., 1996; Gussow, 1954; Silverman; 1965)
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Fig. 9 (previous page): (a) Phase envelope of oils and condensates from the Hammerfest Basin (modified after
di Primio et al., 1996), and (b) a diagram indicating the GOR’s for selected samples from the Hammerfest Basin
(modified after Lerch et al., 2016a).

As discussed earlier, it has been shown that residual oil columns are found under present
gas/condensate columns in the Hammerfest Basin (Augustson, 1993), while traps holding liquid
petroleums are mainly located in the up-dip direction from the basin center. Observations for the same
phenomena in both the USA and the Arabian Gulf region inspired Gussow (1954) to discuss “the
differential entrapment of oil and gas”, and Silverman (1965) likewise devised the model for
“migration and segregation of oil and gas”, where structures in up-dip regions mainly hold oil and
structures located down-dip mainly hold gas accumulations. Residual oil found below the present spill
point implicates that most gas/condensate bearing structures today have been saturated with oil in the
past. For the Barents Sea, Ohm et al. (2008) postulated that uplift induced remigration of oil from the

mid part of the Hammerfest Basin towards the Goliat area occurred (Fig. 6).

Two likely scenarios may explain the current distribution of petroleums in the Hammerfest Basin and

adjacent areas.

(1) Petroleum reservoired under supercritical conditions is referred to as a single phase, where all gas
is dissolved in the oil and vice versa. Due to uplift and changes in PVT conditions, the gas starts to
exsolve from the liquid when the bubble point is reached, resulting in a two phase system (Fig. 9a).
The coincident expansion of the gas cap leads to displacement of oil from a trap by pushing the oil
below spill point, initiating a remigration towards up-dip regions. The trap is thus only capable of

holding gaseous hydrocarbons and can be referred as class 1 after the definition of Sales (1997).

(2) Phase fractionation in liquid reservoired petroleum due to degassing can lead to a pressure increase
in the trap. If the cap rock is brittle, as in the case of the Goliat discovery, (Ohm et al., 2008), the
gaseous phase can migrate through fractures and is lost from the trap. In the best case scenario, the
remigrated/dysmigrated phase moves to shallower parts in the stratigraphic column where it is trapped
again. However, the pore size in the fractured cap rock tends to be too small to allow bigger molecules
to migrate through the pores, resulting in a liquid petroleum phase that is depleted in light components.

These traps, according to Sales (1997), would be defined as class 2 or class 3.

The fundamental processes of phase fractionation, remigration and dismigration in fill-spill scenarios

should be kept in mind when considering petroleum mixtures, as discussed in Paperl and Paper2.
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2.4.6 Bacterial Alteration

It has been reported by Wilhelms et al. (2001) that reservoired petroleums in the uplifted Barents Sea
have not been exposed to biodegradation. Wilhelms et al. (2001) suggested that reservoirs, which have
been buried to temperatures exceeding 90°C, have been sterilized against degradation processes, even
if uplifted afterwards. However, petroleums used in this study show a quite variable degree of
biodegradation that, in some cases, is suggested to have occurred post-uplift (Paper 1, Paper 2). A
possible way to explain biodegradation is to relate the microbial alteration to the uplift and several
glacial stages. Generally, continuous subsidence of a basin results in an updip water flow towards the
basin margins. However, if the basin is uplifted, the hydraulic system is reversed, leading to a water
flow that is directed towards the basin center (Doré et al., 2002). In addition to uplift and erosion, the
Barents Shelf was exposed to several glacial and interglacial cycles during the Pliocene—Pleistocene,
where lower sea-levels led to a more elevated groundwater table onshore. Bjerlykke (2015) showed
that meteoric water is able to intrude into sedimentary basins as much as 40 times the height of the
groundwater table due to an increase in the hydrodynamic head. Fresh meteoric water usually contains
increased amounts of dissolved oxygen and so is able to carry microbes. The renewed introduction of
microbes into a pasteurized reservoir (Wilhelms et al., 2001) would thus enhance the chance of
(renewed) bacterial biodegradation. This mechanism has been proposed by Karlsen et al. (2004) and
Karlsen and Skeie (2006) for biodegraded petroleums found in the Norwegian Sea and is discussed in

Paper 1 for the shallower reservoired Goliat oils (Paper 1).
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3 Results and Implications

The main idea behind this Ph.D. project was the geochemical characterization of the petroleums
systems in the Barents Sea. The present database was utilized to liberate new information, and define
the data using modern principles of interpretation. One objective, furthermore, was to use the applied

petroleum correlation techniques in order to map out regional petroleum systems.

It has been shown in earlier studies that some petroleums, especially those from the Hammerfest
Basin, have been altered by fractionation e.g., loss or depletion of light hydrocarbon compounds and
that condensates are depleted in biomarker compounds. Hence, correlation based on just one
compound class may lead to misinterpretations, due to the lack of information of the “whole picture”
(Fig. 10). In addition, due to the presence of multiple source rocks, several uplift, burial and erosion
events, it has been considered likely that some of the petroleums in the database do not reflect their
original composition and geochemical signature. In order to obtain a better regional correlation
between the samples in the database, a method had to be chosen that allows integration of all samples

based on a common ground.

Therefore, the study in hand investigated hydrocarbon fractions i.e. light hydrocarbons (C4—Cg),
medium range hydrocarbons (C,,-Cig) and biomarker range compounds (Cy.) (Fig. 10). This was

done in order to systematically “isolate” maturity, alteration and facies signatures of the respective
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compound fraction and create a unique “fingerprint” of each sample. It has been suggested that such
an application would allow a better understanding of the complex filling history of traps by several
phases of oil and condensates, even from separate source rocks. Therefore, it is believed that such a
systematic approach, investigating the petroleums section by section, is the only way forward to be
able to decipher the petroleum systems in the Barents Sea.

Gas LHC Medium range Biomarkers

| [l ‘,nhw AN TN AT

Fig. 10: GC-FID whole oil chromatogram showing the different compound fractions that have been analyzed:
LHC (C4—Cg), medium range (C1,—C,o) and biomarker range compounds (Cy.). Gas data were unfortunately
not available in this study. Yet, investigation of gases is suggested for future studies (see paragraph 4.1).

The approach of analyzing fraction by fraction for effective fingerprinting of the samples has been the
backbone of this thesis. For this reason, Paper 1 discusses alteration, migration and maturity trends
based on light hydrocarbon compounds, while Paper 2 investigates maturity, mixing and alteration
trends based on the medium range and biomarker range compounds. Paper 3 focusses on the ages, the

depositional environments and the organic matter input of the inferred source rocks.

In addition to the routinely used geochemical markers and interpretational diagrams, multivariate
statistical analysis has been applied as an auxiliary tool for petroleum family classification.
Multivariate statistical methods have been used to extract some geochemical information that may not
have been detected in the dataset using molecular based ratios only (cf. Christie et al. 1984). Christie
et al. (1984) described the application of multivariate statistical methods useful in order to obtain

geographical trends in correlation studies.
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3.1 Paper 1

Regional Petroleum Alteration Trends in Barents Sea Oils and Condensates as a clue to
migration regimes and processes

Lerch, B., Karlsen, D.A., Abay, T.B., Duggan, D., Seland, R. and Backer-Owe, K., 2016. AAPG Bulletin, 100, 165-
190.

In this study, light hydrocarbon (LHC) compounds in the range C,~Cg have been analyzed for 45
samples (see Table 2 in Paper 1). The emphasis of this paper was to investigate the thermal maturity,
secondary alteration effects such as evaporative fractionation, water-washing and biodegradation as
well as to determine the organic facies of the LHC. This first step was done in order to draw

conclusions about migration and alteration regimes in the study area.

3.1.1  Findings

v Phase fractionation signatures have been found in condensates and oils in the Hammerfest
Basin only. High aromaticity values for condensates suggest repeated gas-stripping events.
Fractionated oils are found under present gas/condensate caps that can be linked to uplift
induced separation of a single phase into two phase system, or alternatively in relation to
migration induced phase fractionation. The presence of different petroleum phases can be used
to draw conclusions about the trap classes and possible remigration initiated by fill-spill

processes.

v Greater amounts of the water soluble aromatic compounds like toluene and benzene in
samples from the Tromsg Basin, with slightly decreasing amounts towards the central part of
the Hammerfest Basin suggest locally derived LHC. Yet, samples that are depleted in these
compounds are proposed to have migrated over long distances. The depletion of water soluble
LHC compounds thus supports the suggested fill-spill process. It is tentatively suggested that
an oil migration network extends from the central part of the Hammerfest Basin towards

southern margin and with possible extension towards the Masgy-Nysleppen Fault Complex.

v Biodegradation is mainly found in petroleums collected from reservoirs that are located on
elevated basin margins. It is, for this reason assumed that biodegradation is closely linked to

uplift and repeated glacial events that favored the intrusion of meteoric water into the basin.

v" Correlation of LHC parameters with compounds in the C;s. range indicated mixing of older

paleo petroleums with more recent charges. It is suggested that the fresh, unaltered LHC
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signature in sample B2 (7120/1-2) from the southern margin of the Loppa High indicates a

recent migrated and unaltered phase, which would support a live petroleum system in the area.

v A decreasing W-E maturity trend could be established from the Tromsg Basin towards the
Masgy-Nysleppen Fault Complex, whereas slightly higher maturity values have been recorded
for samples from the Finnmark Platform and the Nordkapp Basin. Organic facies parameters,
in general reveal generation from source rocks containing kerogen of Type II-1Il, while LHC

compounds in samples from the Loppa High probably originated from Type Il kerogen.

3.1.2 Implications

LHC compounds are the most easily lost and altered compounds in petroleums. Even so, the study
showed that they can be used for correlation and alteration purposes. The recognition of fill-spill
induced remigration of liquid petroleums away from the deeper, central parts of the basin and towards
the elevated basin margins, implicates a distinct migration network in the Hammerfest Basin. Thus, it
is likely that more oil discoveries will be made in structurally higher areas.

It follows that negative aspects associated with uplift and erosion do not automatically imply negative
exploration results, as long as the cap-rock is able to hold back the oil phase as reported for the Goliat

discovery.

LHC correlation techniques should be applied in multiple source rock basins like the Barents Sea, as
they provide a powerful means in order to investigate petroleum blends. Furthermore, they allow
correlation between oils and high GOR condensate that is often not possible when considering

biomarker range compounds (C,.), as condensates are commonly depleted in this range.

Generation and expulsion of petroleum from several source rock intervals increase the probability of
petroleum mixtures and complicate petroleum system analysis. Still, integration of geochemical data
into basin modelling studies could enhance the knowledge about expulsion and charging histories
when considering the different thermal maturities and alteration signatures of the different compound
classes. Investigation of LHC compounds can be used to predict trap classes defined by Sales (1997),

and in combination with regional geology help to anticipate the occurrences of liquid petroleums.
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3.2 Paper 2

Organic geochemistry of Barents Sea petroleum: Thermal maturity and alteration and mixing
processes in oils and condensates.

Lerch, B., Karlsen, D.A., Matapour, Z., Seland, R. and Backer-Owe, K., 2016. Journal of Petroleum Geology, 39,
125-147.

The saturated and aromatic compound fractions in the range C14—C,g and biomarker range (C.) for 50
oil and condensate samples were analyzed. The purpose was to delineate the thermal maturity and
alteration signatures, and to compare these with results obtained from the LHC analysis (Paperl) to

investigate mixing processes.

3.2.1 Findings

v" Thermal maturity data indicate petroleum generation at maturity levels ranging from the early-
to late-oil/condensate window, corresponding to calculated vitrinite reflection values between
0.7%Rc and 1.9%Rc. Two maturation traits have been found in most of the samples, which
may suggest mixing of petroleum phases: a Cy. fraction that is suggested to represent a paleo

petroleum charge, and a C,,. fraction that possibly represents a more recent charge.

v’ Several biodegradation signatures which encompass depletion of saturated Cs. hydrocarbons,
almost complete removal of n-alkanes, enhanced Pr/n-C,; and Ph/n-C,g values, occurrence of
25-norhopanes and reverse distribution of methylated naphthalenes isomers have been found.
Presence of unaltered LHC compounds that occur together with biodegradation signatures can

be seen as additional evidence for petroleum mixtures.

v' A characteristic “triplet-terpane-pattern” on the m/z 191 has been found to effectively
discriminate petroleums generated from Permian/Triassic, and petroleums generated from
Jurassic source rocks. While sparse C,, tetracyclic (TET) and greater abundances of Cy
tricyclic terpanes (TT) characterize Permian/Triassic petroleums, Jurassic derived petroleums

are identified by higher C,4TET and lower abundances of C,TT.

v' Condensates, in general, can arise from (i) higher generation temperatures, and/or (ii) phase
fractionation. The condensates in this study, however, indicate higher generation temperatures
than the oils and seem to be affected by evaporative fractionation processes. Because
condensates have very low concentrations of biomarker compounds in the C,. fraction that is

related to fractionation effects or generation at elevated temperatures, it was found useful to
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apply medium volatility aromatic compounds for maturity indication, when correlating oils
with condensates. Because of the lower boiling points and higher vapor pressure of
compounds in the medium volatility range, these compounds tend to be enriched in the
condensate phase.

3.2.2 Implications

Results from this study are interpreted in the context of results obtained from the LHC analysis
conducted in Paper 1. It was found in this work that most samples are characterized by two different
maturity signatures: (i) A Cy. “paleo-oil” signature that represents an older charge, and (ii) a Cy.

signature that is suggested to reflect a more recent influx.

Mixtures or blends of petroleums that are characterized by contrasting maturity signatures imply
several generations of petroleums, which points towards several “critical moments” (cf. Magoon and
Dow, 1994). The presence of petroleum blends has to be taken into account when considering basin
modelling studies, as recognition of blends imply a more complicated reservoir filling model.
Furthermore, for volumetric calculations, it is relevant to consider oil and gas contribution from more
than one source rock horizon. Thus, this information is of significant value for models dealing with
migration pathways and also the time of generation, expulsion and accumulation of oil and gas.
However, in some cases it may be possible that the maturity signature also shows a regular maturity
sequence in which the source rocks expel more mature and lighter hydrocarbons with increasing burial
depth.

Microbial alteration of petroleums has been excluded for the Barents Sea previously. However, the
present study found evidence of biodegraded petroleums to varying degrees. Biodegraded petroleums
have only been found on elevated basin margins, in the eastern part of the Hammerfest Basin and one
well on the Loppa High. It could be suggested that in most cases where microbial alteration has been
recorded, the paleo-oil mixed with a later arrived, non-degraded charge, hence indicating at least
generation and expulsion of hydrocarbons from two different source rocks, moreover at two different

“critical moments”.

Two rough maturation trends based on the maturity data could be observed: (i) decreasing maturity
from the western part of the Hammerfest Basin towards the Masgy-Nysleppen Fault Complex, with
slightly increasing maturities towards the Finnmark Platform, and (ii) a North-South trend in the
Hammerfest Basin with higher maturities on the southern margin and lower maturities on the northern
margin. Because the Snghvit oils and the oils from the shallower Goliat reservoir show equal
maturities, it is suggested that long-distance migration occurred from the greater Snghvit area towards

the Goliat area, which is in agreement with observations obtained in Paper1.
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3.3 Paper 3

Depositional environment & age determination for inferred source rocks from Barents Sea

petroleums.

Lerch, B., Karlsen, D.A., Seland, R. and Backer-Owe, K., 2016. Journal of Petroleum Geoscience, Published Online
First, doi: 10.1144/petgeo2016-039

The main objective of this study was to infer the ages and the depositional environments of the source
rocks that generated the petroleums in the present database. Therefore, 50 oil and condensate samples
have been examined based on biomarkers that are commonly used to infer the organic matter input and
depositional environments. Based on geochemical characteristics, it was possible to categorize the
samples roughly into four petroleum families. Furthermore, multivariate statistical analysis was
carried out to validate the classification. This paper focusses only on the Cis. fraction, so the

characteristics of the C;s. fraction have not been considered.

3.3.1  Findings

v Based on geochemical results and multivariate statistical analysis it was possible to classify
the investigated samples into four families: (1) Family A: Permian/Triassic sourced
petroleums, (2) Family B: Carboniferous sourced petroleums, (3) Family C: Jurassic sourced
petroleums, and (4) Family D: condensates generated from late- to gas-mature Triassic and
Jurassic source rocks. Sourcing from Cretaceous source rocks could be excluded for the Cys.
compounds. Yet, in the westernmost area that has not been examined in this study, a
Cretaceous contribution could be possible, as even the Jurassic section is overmature west of

the Loppa High in the Bjgrngya Fault Complex.

v' Advanced investigation of the discussed “triplet-terpane-pattern” (Paper2) showed that the
amount of C,, tetracyclic terpanes (TET) could not be linked to a specific environment.
Deposition under transitional conditions that reflect lacustrine to marine characteristics is
considered likely. However, compounds that specifically indicate deposition in lacustrine
conditions as e.g., B-carotane and a dominant abundance of C, steranes could not be
confirmed. It is proposed that the distribution of Co4TET can be used as an unconventional age
indicator in the present database. It may represent the precursor compounds in organisms that
lived on the Barents Shelf during Permian/Triassic deposition. Yet, the C,,TET might be used
to indicate paralic source rocks that could have been deposited during progradation of Triassic

depositional systems that proceeded from SW towards the NE.
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v’ Isotope values and age related parameters showed that mixing of petroleums may play an
important role, as e.g. bisnorhopane, a typical Jurassic marker, has been found in 82% of the
samples within the database. While in a few cases the isotopes and age related compounds
(e.g. for samples B1 and B2) indicated a Paleozoic origin, this age could not be determined by
the tricyclic terpanes that have been used to distinguish Jurassic and pre-Jurassic samples in
the database. Thus, it might be speculated that the later arrived charge was able to dilute the

biomarker distribution of the primary charge, but not the 5"*C values.

v"Inferred depositional environments were found to vary from marine, shallow marine, deltaic,
lacustrine to terrestrial dominated conditions, while redox conditions range from anoxic,
reducing to oxic. The majority of the samples are indicated to be generated from Type I1I-I11
kerogen, while some source rocks may have had additional input of Type | kerogen organic

matter.

v" Due to the enrichment of lighter boiling point compounds in the vapor phase, condensates
often showed a strong terrestrial signature comparable to samples from the Finnmark Platform

that have been generated from the Lower Carboniferous Tettegras Formation.

3.3.2 Implications

The findings of this study illustrate the distribution of petroleums with regard to their age. It is
suggested that Jurassic oils mainly remigrated from the central part of the Hammerfest Basin towards
its southern and northern basin margins. Paleozoic and Triassic oils found on the Loppa High implies
that stable platform highs are capable of hosting oils older than Jurassic. It is suggested that reservoirs
on the Loppa High have been shielded from Jurassic influx. Thus, it is anticipated that more

Paleozoic/Triassic petroleums will be found on the Loppa High or stable platforms in general.

However, occurrence of Triassic petroleum in the deeper Goliat reservoir on the southern margin of
the Hammerfest Basin implies that even Triassic petroleum migrated towards the margins. Thus, it

may be speculated that more Triassic sourced petroleums will be found in deeper strata in the south.

Since condensates constitute a major hydrocarbon phase in the database, there was a special need to
focus on their geochemical signatures. Due to the enrichment of lighter boiling point compounds in the
vapor phase, condensates are often misidentified in respect to organic facies when studied together
with oils. The study showed that condensates are suggested being expelled from a terrestrial source
rock, because they appeared to have similar characteristics to the samples from the Finnmark Platform,

which have their possible origin in the Lower Carboniferous Tettegras Formation. However,
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systematic evaluation of the three hydrocarbon compound classes overcomes this issue. Even

integration in multivariate statistical analysis was possible by considering the geochemical features.

Assessment of age specific parameters can be quite challenging in petroleum mixtures. Inconsistent
age classifications or missing data in this study underline this fact. However, geochemical
characteristics such as the distribution of tri and tetracyclic terpane compounds served as
unconventional age markers for Permian and Triassic petroleums. It is suggested that the specific
distribution probably reflects the basin wide occurrence of the precursor compounds during
deposition.

3.4 Samples and Analytical Procedures

Fifty liquid hydrocarbon samples (condensates and oils) were collected in the southwestern Barents
Sea from the mid 1980’s to 2008. The samples have previously been analyzed by different
geochemical laboratories. Even though all laboratories followed the Norwegian Industry Guide to
Organic Geochemical Analysis (Weiss et al., 2000), there was a demand to re-analyze the samples in
one laboratory only to obtain comparable data. This analysis was done by Applied Petroleum
Technology (APT) AS, Kjeller, Norway and the dataset was kindly provided by NORECO ASA.
Despite comprehensive analysis, data for some samples i.e. isotope data were missing. For completion
of the dataset, some data were taken from geochemical reports available at the Norwegian Petroleum
Directorate Factpages (Norwegian Petroleum Directorate, 2014). The analytical procedures applied are
described below.

Gas Chromatography —Flame lonization Detector (GC-FID)

Whole oil analysis was carried out on an Agilent 7890A instrument equipped with a HP PONA
column (50m x 0.2mm i.d., film thickness 0.5um). The temperature program applied was: 30°C
(10min hold) to 60°C at 2°C/min, then to 130°C at 2°C/min, followed by 4°C/min to 320°C (25min
hold).

Gas Chromatography - Mass Spectrometry (GC-MS)

GC-MS of saturated and aromatic fractions was carried out on a Micromass ProSpec high resolution
instrument equipped with a CP-Sil-5 CB-MS column (60m x 0.25mm i.d., film thickness 0.25um).
The temperature program used was: 50°C (1min hold) to 120°C at 20°C/min, then to 320°C (20min

hold) at 2°C/min. Data was acquired using Selected lon Recording (SIR) mode. Saturates were
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monitored using m/z 177, 191, 217 and 218, while aromatics were monitored using m/z 142, 156, 170,
178, 184, 192, 198, 231 and 253.

GC-MS-MS for aliphatic compounds was done on a Thermo Scientific TSQ Quantum instrument. The
collision energy is 15eV with Argon as the collision gas at a pressure of 1.0mTorr. The column used is
a FactorFour VF-1ms (60m x 0.25mm i.d., film thickness 0.25um). Transitions monitored are the
following: m/z 358 — 217,372 — 217,386 — 217,400 — 217, 414 — 217.

Stable isotope values of selected samples were included in the database and collected from different
geochemical reports available at the Norwegian Petroleum Directorate Factpages (2014).

For selected samples, 3"°C isotopes were included in the dataset. The remaining data have been found

in online available geochemical reports from the NPD.
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4 Concluding Remarks — Petroleum System
Implications

The present thesis was conducted in order to improve the understanding of the petroleum systems in
the SW Barents Sea. A database containing geochemical information for 50 petroleum samples has
been the foundation of the study. It early has been suggested that many petroleums in the Barents Sea
are considered as petroleum blends or mixtures. Attempts in the past to link individual oils and
condensates directly to one type of source rock, or to propose source rock maturity based on single oil
or condensate samples have often been complicated. The reasons for these circumstances are closely
related to the multiple source rocks in the basin, i.e. several “critical moments” and the multiple uplift

and burial events. Thus, the following research questions have been addressed:

1) What are the geochemical characteristics of the present petroleum systems?

2) Are there evidences for blended or mixed petroleums? Is it possible to decipher the blended
signatures?

3) What are the present petroleum systems and where are they to be found? Is it possible to

delineate geographical boundaries?

In the beginning of this Ph.D. thesis it has been suggested that the main focus should be placed on the

evaluation of different hydrocarbon compound classes. The idea behind it was that possible variations
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in thermal maturity or alteration signatures among the various fractions can be utilized to discern
petroleum blends. Despite the fact that even a single compound class, e.g. the C,o. biomarker range
fraction can be used to obtain information about the thermal maturity or the depositional facies, it is
beneficial in a multi-source rock basin if the derived interpretations are supported by other compound
classes. Therefore, the necessity to elaborate the geochemical information based on the three
compound classes is vital to fully understand the “history” of each sample. It followed that the
achievement of this goal is realized by investigation of the different compound classes: (1) the light
hydrocarbon compounds C4—Cg, (2) the medium volatility compounds C;—C,g, and (3) the Cyo.

biomarker range compounds.

Fifty petroleum samples have been geochemically analyzed “fraction by fraction” in order to generate
a complete fingerprint of each sample for correlation purposes. Due to this “liberation” of the data it
was possible to map out the petroleum systems in the study area. The geochemical characteristics
allowed us to deduce the thermal maturity, the degree of alteration (due to migration, biodegradation
and fractionation), and the source depositional facies. Such an approach may be useful for other multi-
source rock basins, the circum Arctic region and particularly for the Russian part of the Barents Sea. A
study by He et al. (2012) for example found petroleums generated from Devonian to Jurassic source
rocks. Based on geochemical and statistical results, six petroleum families have been classified. Yet,
the study was conducted using biomarker and diamondoid data, and it is believed that a more detailed
insight into mixing and alteration processes can be obtained following the approach applied in this

study.

Oil-oil and oil-condensate correlation has been used to identify and group samples into genetic
families by applying geochemical parameters. Thus, it was possible to establish and determine
regional relationships and distributions of petroleum families in the Barents Sea. It has been feasible to
compare samples among the families and identify or distinguish areas with families that have been
generated from a single source rock from those, which have possible contributions from several

sources.

The concept of investigating the samples “fraction by fraction” allowed us to conclude that several oils
in the region are petroleum blends originating from more than one source rock unit. In particular,
when comparing the C,. and the Cy. fractions, two different generations of petroleum could be
determined. It is suggested that during repeated episodes of uplift, residual oil from earlier migration
events will remain in a trap as immobile oil until a later charge arrives during renewed burial, resulting
in a petroleum blend. Yet, it seems that older charges in structurally complex regions and platforms
were better preserved than for example in the central part of the Hammerfest Basin, where the more
recent arrived charges (oil or condensate) tend to dominate. Thus, it seems likely that a more complex

picture emerges concerning oils and condensates in traps in the region. This is likely caused by a more
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complicated than anticipated migration and remigration pattern in this multi-source rock basin,
compared to other regions on the Norwegian Continental Shelf. A much higher preservation potential
is assumed for platform areas such as the Loppa High with the very recent Gotha and Alta discoveries,
even though full leakage has been reported for the Obelix well 7220/6-1 farther north on the platform.
Yet, reservoirs with “bad” cap rocks, e.g., the shallower Goliat discovery along the periphery of the
basin seem to be better targets for oil. Variations in thermal maturities and alteration signatures among
the three different compound classes investigated concluded a paleo C,o. fraction and a later Cyo

charge. These petroleum mixtures confirmed the existence of several critical moments.

However, even though the majority of the samples are characterized by different thermal maturities in
their respective compound fractions (Fig. 11), not all samples may represent petroleum blends. As
with increasing thermal maturity the amount of expelled LHC increases as well (see Fig. 1), the
maturity sequence as observed in sample AB from the 7228/7-1 A well in the Nordkapp Basin may
represent a naturally occurring maturity signature. Therefore, care must be taken not to misinterpret

the different maturity signatures.

Two regional maturation traits have been found investigating the thermal maturity of the petroleums:
(1) decreasing maturity from the western towards the eastern part, with slightly increasing maturities
on the Finnmark Platform and the Nordkapp Basin (Fig. 11), and (2) a north-south maturity in the
Hammerfest Basin, where higher maturities could be observed on the southern margin. The study
could show that towards the east, the C,. fraction is slightly less mature than the C,,. fraction,
indicating a more mature, later charge (Fig. 11). However, on the Loppa High and in some samples
from the Hammerfest Basin, the Cy. fraction is less mature than the Cy. fraction. This implies that
only the gaseous and/or the LHC compounds have been able to migrate on to the Loppa High, while
the Cy. maturity signature represents the “shielded” paleo-oil, or that the C,. fraction has been

generated from a local, but different source rock than the Cyo. fraction.

Mixing of petroleums from different source rocks has been identified based on the application of
diamondoid biomarkers, especially for the Russian part of the Barents Sea and the Timan Pechora
Basin (He et al., 2012). However, diamondoids have also been used for a sample set covering the
major discoveries in the Hammerfest Basin by Murillo et al. (2016), who found maturity based on
diamondoids to be in the range of 2.0 to 2.5% vitrinite reflectance for the Hammerfest Basin samples
and concluded that a late dry gas charge throughout the basin occurred. Diamondoid data were also
available for some selected samples in the database used for this study and have been used as a
maturity tool. However, using the methods described in Dahl et al. (1999), mixing of high mature oils
could not be confirmed. Yet, it may be possible that no extensive oil cracking occurred for the samples

analyzed based on the stigmastane and diamondoids concentrations. The MAI (methyl adamantane
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index) and MDI (methyl diamantane index) parameters described by Chen et al. (1996) have been
applied as well and a clear relation between these ratios could be observed. However, the suggested
vitrinite reflectance values of Chen et al., (1996) did not fit with %Rc values based on aromatic
hydrocarbons obtained in this study. Furthermore, we correlated the MAI and MDI with the 3-
MP/retene ratio (cf. Schulz et al., 2001) and did not find a clear correlation between these maturity
parameters. Gas analysis of samples collected from the Hammerfest Basin (unpublished data, Lerch
and Karlsen) did not indicate a late dry gas charge for the Hammerfest Basin. Based on these results,
mixing of high temperature generated petroleums (gas-window) with low mature petroleums could not
be confirmed. These findings led to the conclusion that the application of the MAI and MDI
parameters might be used with caution and that other factors might control the distribution of

diamondoids in the investigated samples (cf. Schulz et al., 2001).
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Fig. 11: Map of the study area showing the maturity trends obtained by the three different compound classes. Note
that there is a decreasing maturity trend from the Tromsg Basin towards the Masgy-Nysleppen Fault Complex, with

increasing values towards the Finnmark Platform (modified after Lerch and Karlsen, 2015)

Remigration and recharge of petroleums, e.g., the general principles of Gussow (1954) and charge
type, which is dependent on the cap rock properties (cf. Sales, 1997), are considered one of the most

important parameters affecting petroleum distribution and composition in the SW Barents Sea. It has
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been shown that a long-distance migration network in the Hammerfest Basin resulted in remigration
from the greater Snghvit area towards the southern margin of the Hammerfest Basin (Figs. 12, 13).
However, it also may be possible that this migration network reaches as far as the Masgy-Nysleppen
Fault Complex, as comparable maturities and inferred depositional environments have been described
for the samples from these areas.

Although the study area only covers a small part of the greater Barents Sea region, additional
evidences for the importance of migration/re-migration have been found. Recently, Abay et al. (2016)
reported migrated oil on Svalbard, the northernmost location of the Barents Sea. Furthermore,
Matapour and Karlsen (2016) discussed the reactivation of paleo-oil by more recently migrated gas
and lighter hydrocarbons for the Johan Castberg discovery on the western rim of the Loppa High. Gas
chimneys that have been observed on seismic profiles west of the Loppa High are evidence of live
migrating gas. Recent migration of gas or LHC has also been proposed for sample B2 from the
7120/1-2 well. Based on unaltered LHC signatures in sample B2 compared to samples B and B1from
shallower reservoir compartments in the same well, ongoing, or very recent migration likely can be

considered.

Paleo-migration may be treated as an important factor, to the extent that early migration has saturated
the migration avenues. Later arriving condensate or gas can, in the best case, remobilize this “dead-
0il”. Understanding that migrated paleo-oil, or “dead-oil”, and more recent migrated gas/condensate
may result in discoveries can be crucial for modelling studies. Hence, it may be considered possible
that even today, reactivation of paleo-oil columns may occur and that such processes have to be
included/evaluated during basin modelling/exploration studies. Based on these results, it can be
suggested that the understanding of migration routes and entrapment mechanisms are a key to

interpreting migration in the past, but also during the present time.

Due to the fact that early exploration efforts mainly found gas and/or condensates, the Barents Sea was
considered gas-prone only. Detailed investigations of the LHC compounds could show that phase
fractionation and/or repeated gas stripping episodes occurred especially in the western part of the
Hammerfest Basin and the adjacent Tromsg Basin (Figs. 12, 13). It was possible to conclude that some
of the wells held liquid petroleum before and that this liquid petroleum has been displaced from the
trap. Therefore, it is suggested that application of LHC compounds can be of great assistance in
underexplored areas where only gas/condensates are found. If the results confirm previously present
liquid petroleum, there is a high chance for making up-dip discoveries (cf. Gussow, 1954; Sales,
1997).

In order to make accurate predictions regarding generation, migration, accumulation and alteration of

petroleums, it is crucial to identify the right timing of exhumation and the right amount of erosion.
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Yet, as mentioned in section 2.4.1 there is consensus that three major exhumation events occurred
during the last 60Ma. On the contrary, disagreement prevails on the timing and the amount of erosion.
In general, it is possible to delineate regional trends compliant with Baig et al. (2016), Cavanagh et al.
(2006), Doré and Jensen (1996), Green and Duddy (2010), Henriksen et al. (2011b), Laberg et al.
(2012), Nyland et al. (1992) and Ohm et al. (2008): (1) zero to minor exhumation in the western part
of study area i.e. Tromsg Basin and the neighboring Bjgrngya Basin; (2) moderate uplift and erosion
in the range from 500m to 1500m in the Hammerfest Basin and e.g. the Troms Finnmark Fault
Complex; (3) up to 2400m on the Bjarmeland Platform with decreasing values towards the Finnmark
Platform (1000-1400m); (4) 1200-1950m on the Loppa High and up to 2050m in the adjacent Maud
Basin, and (5) up to 3000m on the Stappen High and continuing to Svalbard. Thus, there is a clear W-

E and S-N trend with increasing amounts of erosion towards the east and the north.
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Fig.12: Sketch showing the distribution of gaseous/condensates and oil in the Hammerfest Basin. The upper
section demonstrates that oil has been displaced from the traps due to uplift and gas expansion. The oil rim
represents the residual oil saturation that is indicative of prior liquid accumulations. Based on biomarker
signatures, it could be shown that the oils in the shallower Goliat reservoir and the Snghvit reservoir are of
common origin, indicating long distance migration from the mid part of the Hammerfest Basin towards the

elevated basin margins as also shown in the map-inlet.

The present distribution of petroleums in the Hammerfest Basin can closely be related to exhumation.
As shown in Figure 12 there is gas-influx into the Hammerfest Basin from the Tromsg Basin. Source

rocks in the Tromsg Basin have not been affected by exhumation as the amount of erosion was only
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minor. Moderate exhumation in the Hammerfest Basin however, resulted in gas exsolution and gas
expansion, which forced liquid petroleum out of the trap in updip directions. Ongoing burial of source
rocks in the Tromsg Basin and resulting gas influx into the Hammerfest Basin, i.e. into the Askeladd
field, the present condensates are characterized by elevated aromaticity values (Paper 1) that indicate
repeated gas stripping.

In addition to uplift and erosion, it has also been suggested that hydrocarbon spillage can be linked to
glacial loading/unloading (Cavanagh et al., 2006; Doré and Jensen, 1996; Duran et al., 2013;
Kjemperud and Fjeldskaar, 1992; Lerche et al., 1997). In contrast to Green and Duddy (2010), who
considered the influence of glaciations as negligible, Kjemperud and Fjeldskaar (1992) pointed
towards the importance of reservoir tilting induced by differential glacial loading/unloading. Tilting of
reservoirs in turn results in shift of the spill point, this can lead to changes in remigration routes, but
also to reduced or increased trap capacity. New migration routes could be established, while older
migration avenues, active prior to glaciations, would become inactive. Thus, during several stages of
glacial loading/unloading the spill point might have shifted numerous times. Hence, it might be
possible that petroleums with equal geochemical characteristics are found on both sides of the spilling
trap. Here, the occurrence of possible petroleum blends would result in varying maturity, alteration

and facies signatures as shown in Lerch et al. (2016a,b,c).

Furthermore, temperature and pressure fluctuations caused by glacial/interglacial events can affect the
hydrocarbon densities and thus will lead to volume changes in the trap (cf. Fig. 9), as the traps are
buried to greater and uplifted to shallower depth during glacial loading and glacial unloading,
respectively. Density changes in combination with gas exsolution in turn will also favor the

remigration of liquid hydrocarbons.

Cycles of ice-sheet loading/unloading not only affected the trap geometry, spill-point modification and
density variations, but also could have favored microbial alteration in traps. For a long time aerobic
microbial activity has been considered the main hydrocarbon degrading factor (Palmer, 1993), until
more recently (Head et al., 2003; Jones et al., 2008) pointed towards the importance of anaerobic,
methanogenic degradation. Biodegradation in onshore reservoirs often has been linked to meteoric
water intrusion that is able to import oxygen, nutrients and microbial communities, while the same
process has been questioned for cold shallow offshore reservoirs (Wenger et al., 2002). Generally,
continuous subsidence of a basin results in an updip water flow towards the basin margins. However,
if the basin is uplifted, the hydraulic system is reversed, leading to a water flow that is directed
towards the basin center (Doré et al., 2002). Lower or non-existing sea-levels during glacial stages led
to a more elevated groundwater table onshore. Bjarlykke (2015) showed that meteoric water is able to
intrude into sedimentary basins as much as 40 times the height of the groundwater table due to an

increase in the hydrodynamic head. The influence of ice sheets on groundwater flow has been reported
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by Boulton et al. (1995) and Forsberg (1996). Furthermore, it has been concluded that cyclic pulses of
pressure (glacial-loading) and retreat (glacial-unloading) can result in a pumping effect that may cause
significant changes in subsurface flow regimes as deep as 2-3km below the surface (Boulton et al.,
1995; Cavanagh et al., 2006; Forsberg, 1996; Kjemperud and Fjeldskaar, 1992; Lerche et al., 1997).

Considering the depths of the reservoirs from which the biodegraded samples have been collected, it
seems likely that oxygenated meteoric water intrusion can be regarded as a possible alteration process.
Even though Head et al. (2003) mentioned that oxygen transport over long distances is not likely due
to its high reactivity and that even in relatively shallow reservoirs (<500m depth) anaerobic

degradation is preferred.

It has been shown that several controversies exist regarding the exhumation events and their impact on
petroleum systems. The aim of this study was to demonstrate what kind of alteration processes
occurred in the Barents Sea, but it also made clear that more research needs to be done in order to fully

understand the interplay of exhumation, erosion, glaciations and petroleum systems.

The processes discussed are considered to have a strong influence on petroleum systems. Wrong
estimates of exhumation or erosion thus could lead to erroneous results regarding the thermal maturity
of source rocks, volumetric calculations, PVT considerations and migration routes. Due to the fact that
the amount of uplift changes quite dramatically over the whole shelf, each petroleum system in a
specific area has to be evaluated independently. It was possible to show that microbial alteration
occurred in areas that experienced greater exhumation e.g. the Troms Finnmark Fault Complex, the
Loppa High and the Masgy Nysleppen Fault Complex towards the east. Thus, it could be interesting to
investigate if petroleums that are found further north, in areas that are characterized by greater

amounts of exhumation, exhibit biodegradation signatures as well.

46



Fingerdjupet
Sub-Basin

[ ] Migration
? [ Evaporative Fractionation

I Biodegradation

Fig. 13: Map of the study area showing the different alteration signatures related to basin location. Evaporative
fractionation is mainly recorded in the eastern Tromsg Basin and the western part of the Hammerfest Basin,
while biodegraded samples mainly have been found on structural highs or elevated basin margins. The green
arrows indicate migration directions, while the circled arrows suggest a more local migration or unknown
migration direction. It is unclear if the petroleums from the Loppa High have been charged locally e.g. mature
source rocks on the Loppa High, or if the petroleums migrated on the Loppa High (modified after Lerch and
Karlsen, 2015)

The findings furthermore demonstrate that the petroleum families and their source rock/age affinities
are largely predictable from position and type of the structural compartments where the petroleums
have been found (Fig. 14). Organic facies parameters indicated a dominant contribution from Type I,
Type 1I/111 and Type 11l kerogen. However, Type | kerogen may have contributed to some Triassic
source rocks (cf. Vigran et al., 2008). The depositional environments range from marine, shallow
marine, coastal plain, delta plain, lacustrine to terrestrial dominated settings with redox conditions
varying from anoxic to oxic. It has been possible to classify four petroleum families based on
molecular characteristics and multivariate statistical methods.

Family A petroleums, generated from inferred Permian/Triassic source rocks, are mainly found on the
Loppa High, the southern margin of the Hammerfest Basin i.e. the deeper Goliat oils, and the
Nordkapp Basin, while Jurassic derived petroleums of Family C are mainly found in the central part of
the Hammerfest Basin and its surrounding basin margins. Yet, Jurassic source rocks may also play an

important role in the eastern Hammerfest Basin and a partial role on the Masgy-Nysleppen Fault
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Complex. Carboniferous generated petroleums (Family B) probably comprise important charges on
the Finnmark Platform and it may be speculated that more findings could be made in Upper Permian
carbonates. Hydrocarbon generation from late oil mature Triassic and Jurassic source rocks in the
Tromsg Basin and the western part of the Hammerfest Basin resulted in a series of condensate
discoveries in the western and central part of the Hammerfest Basin (Family D) (Fig. 14).

The suggested age classification in this study is corresponding well with results and suggestion from
earlier studies by Ohm et al. (2008) and Rodrigues Duran et al. (2013). However, results by Killops et
al. (2014) slightly contradict observations made in this thesis. Killops and co-authors suggested a
Permian origin for an oil from the 7128/4-1 well on the Finnmark Platform, while results in this study
indicate that oils from this well are likely to be petroleum blends, with a dominant contribution from
Carboniferous source rocks.

In general, an advantage for effective oil-source rock correlations would be the availability of source
rock samples that have been drilled from basin centers and not only from structural highs. Analyzing
source rocks that actually display the current thermal maturity would enhance the chance to determine
geochemical characteristics that allow an efficient correlation between the generated product and the

source.
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Fig. 14 (previous page): Map of the study area showing the distribution of petroleums related to the age of the
source rocks. The wells and fields (accumulations) are colored in the respective color of the age of the
petroleums, while the dashed lines represent an interpolation of the dominant petroleum age (modified after
Lerch and Karlsen, 2016b).

It has been reported in Lerch et al. (2016¢) that the Permian/Triassic sourced Family A shows some
contradicting organic facies signatures, ranging from Type Il to Type II/I1l and also possible Type |
kerogen, while the paleo-depositional environments have been suggested to range from marine,
shallow marine, coastal plain, delta plain, lacustrine to terrestrial dominated settings with redox
conditions varying from anoxic to oxic. The most dominant distinctions between the petroleum
families in Lerch et al. (2016c) have been evaluated based on the abundances of tri- and tetracyclic
terpanes. Lerch et al. (2016¢) suggested a characteristic “terpane-triplet” (sparse Co4sTET and more
abundant C,TT) to be indicative of Permian/Triassic sourced petroleums. Furthermore, the ETR
(Holba et al., 2001) has successfully been applied to differentiate between Permian/Triassic (Family
A) and Jurassic (Family C) sourced oils. The origin of tricyclic terpanes has been controversially
discussed over the last years. While Ourisson et al. (1982) considered tricyclic terpanes to be
diagenetic products of prokaryotic membranes, Revill et al. (1994) and Simoneit et al. (1993)
considered the origin of tricyclic terpanes in Tasmanites. However, Farrimond et al. (1999) mentioned
that tricyclic terpanes have been observed in various sediments and Dutta et al. (2006) and Samuel et
al. (2010) advised that a relationship between tricyclic terpanes and Tasmanites does not always exist
and that their occurrence may also be related to other biological sources. Greater abundances of
C,,TET have been considered to indicate carbonate/evaporitic and terrestrial depositional settings
(Palacas et al., 1984; Philp & Gilbert, 1986). However, the abundance of C,,TET is generally low in
Family A samples compared to the tricyclic terpanes and also to the Families B, C and D. Most
parameters that apply the C,,TET indicate lacustrine to marine origin of the samples (Fig. 8 in Lerch
et al. 2016¢), indicating variations in organic matter input, which is also demonstrated by greater
abundances of C,; and C,g Steranes, but also variations in redox conditions during deposition i.e. Pr/Ph
and homohopane distribution (Figs. 12 and 14 in Lerch et al., 2016c¢).

In order to assess which depositional settings may have resulted in the biomarker distribution observed
for Family A, correlation with several palaeogeographic maps that demonstrate source rock
depositional environments during the Triassic has been applied (Hgy and Lundschien, 2011,
Kaminsky et al., 2011; Krajewski, 2013; Riis et al., 2008; Xu et al., 2009). While Kaminsky et al.,
(2011) concluded central shelf, shoaly marine, nearshore continental and continental lacustrine-
alluvial depositional settings in the study area (Fig. 22.7, Kaminsky et al., 2011), Hgy and Lundschien
(2011) suggested a prograding delta system that developed from the SE towards the NW (see also Fig.
15). Hey and Lundschien (2011) agree with Xu et al. (2009) who mention that the deposition of the

Triassic Botneheia Formation and its offshore equivalent, the Steinkobbe Formation, occurred at the
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same time, and thus can be considered a regional phenomenon, even if the depositional centers are up
to 600km apart from each other. However, disagreement between Hgy and Lundschien (2011) and Xu
et al. (2009) prevails regarding the redox conditions during deposition. While Xu et al., (2009) argue
that the redox conditions were different from location to location, ranging from more reducing
conditions around the Svalis Dome, where bottom water anoxia can be correlated to reduced water
circulation caused by embayments, Hgy and Lundschien (2011) discuss that prograding deltas from
the Russian part and fresh water influx from Siberian rivers not only carried terrestrial detritus, but
also induced dysoxic/anoxic conditions due to development of haloclines. The occurrence of
Tasmanites that are considered an important contributor to marine organic matter for Triassic source
rocks has been concluded by Hgy and Lundschien (2011) as well. The model described by Hay and
Lundschien (2011) thus suggests a more marine, anoxic depositional setting in the Svalbard region

towards the NW, and a more deltaic, lacustrine influenced facies in the SE.

However, a more detailed depositional model of the Botneheia Formation was prepared by Krajewski
(2013), who argued that the deposition of the Botneheia Formation demonstrates a transgressive-
regressive interplay between the prodelta system on the south eastern Barents Shelf (cf. Hgy and
Lundschien, 2011), and an open marine system that has been influenced by marine upwelling from the
Panthalassic Ocean north of Svalbard. Family A samples (Lerch et al., 2016c), sample 526a (He et al.,
2012) and samples analyzed by Abay et al. (2016) are characterized by elevated amounts of C,g and
Cy cheilanthanes that result in high ETR’s and are indicative of Triassic age. However, it was Holba
et al. (2003) who report that the ETR can be influenced by marine upwelling. Since the samples from
Svalbard (Abay et al., 2016; He et al., 2012) show distinct greater ETR ‘s than Family A samples from
the Barents Sea, it can be suggested that the Svalbard samples are influenced by marine upwelling as
shown in Figure 26 in Krajewski (2013). The reason behind the lower ETR values for Family A
samples might thus be related to deposition of the inferred source rock in non-upwelling areas, or the

signal might be diluted by Permian contribution.

Krajewski (2013) also demonstrated that parts of the Botneheia Formation (Muen Member) are
characterized by land plant derived debris and autochthonous organic matter that is indicative of
prodelta depositional environments, as described for the Barents Sea (cf. Hgy and Lundschien, 2011).
Furthermore, it has been shown that variable inputs of organic matter derived from different sources
characterize the depositional environments in stratified basins as a result of water column stratification
(salinity and/or temperature) (Hgy and Lundschien, 2011; Krajewski, 2013). Thus, it seems plausible
that even petroleums generated from the same source interval may show different organic facies

signatures related to differential input.

Biomarker analysis revealed prevalent petroleum generation from marine Type Il to mixed Type I/l

to Type /1 kerogens, with possible contribution from kerogen Type | to Family A samples. The
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regressive-transgressive model concludes the deposition of Kerogen Types ranging from Type | to
Type 11l and includes the observation that Tasmanites contribute to marine derived organic matter
(Krajewski, 2013). The occurrence of Tasmanites that could have resulted in greater abundances of
tricyclic terpanes as observed in Family A is in agreement with Revill et al. (1994) and Simoneit et al.
(1993), who both suggested Tasmanites being the biological origin. Observations that Family A has
been sourced from source rocks that have been deposited in lacustrine environments could not be
confirmed due to the absence of lacustrine specific biomarkers. However, based on the paleo
depositional model by Hgy and Lundschien (2011), it seems likely that some samples have been

sourced from intervals deposited as prodelta facies that may result in a lacustrine facies offshore.

Correlating the biomarker fingerprints of Family A (Lerch et al.,, 2016¢c) with the proposed
palaesogeographic maps and depositional settings, it emerges that the models suggested by Hgy and
Lundschien (2011) and Krajewski (2013) can both partially be attributed to depositional settings of the
inferred source rocks. Thus, a combined model of Figure 1b (Krajewski, 2013) and the depositional
setting described by Hey and Lundschien (2011) would best explain the biomarker signatures of the
Triassic sourced fractions of Family A (Lerch et al., 2016¢). Yet, possible mixing signatures and co-
sourcing from Permian source rocks in some cases are not considered in these models. Moreover,
every co-charge from a Permian source rock may affect the interpretation. This has been shown e.g.
for sample C (7120/2-1), which is suggested to have a Permian contribution. Furthermore, the
complex depositional systems during the Triassic i.e. closed/open embayments, restricted water
circulations, oxic to dysoxic to anoxic conditions, input of varying organic matter, vertical and lateral
facies changes and the development of possible niche environments (Hgy and Lundschien, 2011;
Kaminsky et al., 2011; Krajewski, 2013; Riis et al., 2008; Xu et al., 2009) make it difficult to attribute

certain environmental conditions to certain samples.

As mentioned in Paper 3 (Lerch et al., 2016c) it can be claimed that the samples in the database do not
represent the “whole Barents shelf” and that samples from Family A may more accurately represent
the delta to lacustrine facies deposited in the SW part. Sample 526a (He et al., 2012) and samples
analyzed by Abay et al. (2016), however, could represent charges from the source rock intervals that
have been influenced by marine upwelling. Thus, it would be of great advantage to cover the area
between our northernmost point in the study area and Svalbard to determine if there is a regional trend

in ETR’s and tri- and tetracyclic terpane distribution.
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It could be shown that systematic evaluation of different hydrocarbon classes is powerful for regional
correlation studies when considering thermal maturity, alteration and source depositional facies of the
petroleums. It may still be possible that the interpretation of the organic matter input and depositional
environments is biased by the selection of the samples in the current database. While it could be
achieved to differentiate between Jurassic and pre-Jurassic generated petroleums, a more complicated
scenario emerged trying to discriminate Permian and Triassic sourced samples. One of the main
challenges not being able to define a Permian and/or a Triassic signature may be related to the blended
character of the petroleums and the fact that the more dominant petroleum phase possibly “blends out”
the less dominant phase. Newly available samples may for example shed light on a distinct Permian or
Triassic facies signature, which may have been “blended-out” in the present dataset. A first step
towards this goal has been undertaken by Pedersen (2016, personal communication) who reported oil
from the very recent Gotha discovery to be sourced from Upper Permian source rocks. It has been
considered likely that the depositional settings during the Permian grade from restricted carbonate,
hyper saline, and even sabkha, to a more open marine organic facies. Deposition in the Triassic,
however, varies from a more terrestrial, deltaic influenced setting towards an open marine
environment. Based on these observations, it is considered quite difficult to define a “unique” Permian
or Triassic biomarker signature. Yet, it is reasoned that with the availability of more Permian and

Triassic source rock samples, a successful oil — source rock correlation can be established.

However, it is believed that the current thesis can be used as a basis for future studies working with
petroleum systems in the Barents Sea, because the regional correlation approach has made it possible
to map-out variations in maturity, alteration and organic matter input into paleo-depositional

environments. Furthermore, this study may have implications for circum Arctic basins.

During the last three years of this study, it has always been tried to understand and interpret the data in
a petroleum system context and not only as geochemical information used in oil-oil correlation
studies. Because all the essential petroleum system elements and processes that have been described
previously above can influence a petroleum system, they have to be considered as well. It is believed
that the systematic processing and integration of geochemical information into a geological frame is a
powerful tool in regional petroleum system studies. Despite the fact that interpretation of petroleum
samples in a multi-source rock basin can be challenging, the benefits of investigating the
chromatograms ‘“‘section-by-section” to establish a genetic fingerprint of the samples have been
proven. The innovative nature of this study — analyzing hydrocarbon fraction by hydrocarbon fraction
— and support molecular geochemical results by multivariate statistical treatment has shown that such
an approach is needed for recognizing altered and/or blended petroleums, instead of relying on a single
compound fraction only. This procedure allowed, in combination with a regional geological

observation, to effectively map out the existing petroleum systems and their characteristics.
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4.1 The Oil Families in a Regional Context

A geochemical study with assistance of chemometric analysis conducted on 34 oil samples from the
Russian part of the Barents Sea, the Timan Pechora Basin and Svalbard revealed the presence of six
oil families (He et al., 2012). In order to paint a bigger regional picture, the oil families defined by He
et al. (2012) are correlated with the oil families characterized in this study. Due to the fact that the oil
families 11 and 111 (He et al., 2012) have been generated from various organo facies of the Devonian
Domanik Formation, and there are no known Devonian source rocks in the SW Barents Sea, these two
families are excluded from the correlation as well as the Carboniferous sourced Family B from the
Finnmark Platform (Lerch et al., 2016¢) because He et al. (2012) do not report on Carboniferous
sourced petroleums from the Russian side. It is also impossible to correlate family D (Lerch et al.,
2016c¢) that comprises condensates only, as He et al. (2012) refer to all samples as oils, regardless of

the physical properties.

He et al. (2012) described oil family I as being Triassic sourced. The following attributes have been
described: 8"°C SAT (-26.25%o to -29.83%o0) and 5"°C ARO (-27.55%o to — 29.66%o), high ETR (>2),
but varying C,4/Cso hopane values that indicate varying organic matter input. Oil family IV, that is co-
sourced from Triassic and Devonian Carbonate source rocks, is characterized by 5°C SAT values
between -28.81%o and -30.48%o and 5"3C ARO values between -28.64%o and -30.22%o, and by low
C,7/Cy9 and C,g/C,g sterane values that indicate terrigenous source input. Both oil families have ETR
values >2 that suggest a Triassic source, while the lower values for family IV could be related to the
Devonian co-sourcing. Oil family IV ETR values are in the same range as values for oil family A in
this study (Lerch et al., 2016c). This could support the hypothesis that oil family A represents a co-
sourced Permian/Triassic family where the Permian contribution results in lower ETR values (see oil
family IV of He et al., 2012) compared to the high ETR values of the pure Triassic oil family | of He
et al. (2012). What both oil families | and IV (He et al. 2012) and oil family A (Lerch et al., 2016c)
have in common are higher C,; and Cyg over Cog Sterane values that suggest deposition in transitional
environments that has been described as common during the Triassic period (cf. Riis et al., 2008;
Krajewski, 2013).

However, sample 526a (He et al., 2012) represents a Triassic sourced oil from Spitsbergen and has a
C290p/Cso0f ratio of 0.54, an ETR of 4.12 and thus shows much higher values for Triassic sourced oil
than values found in this study (see Figs. 5, 13a, Lerch et al., 2016c). Yet, migrated oil stains on
Svalbard have ETR values between 3.18 and 4.61, and are reported to have been sourced from the
Lower Triassic Botneheia Formation (Abay et al., 2016). Thus, it might be possible that the higher
ETR values for the northernmost samples are to some degree influenced by marine upwelling (Holba

et al., 2001) that has been suggested in a palaeoenvironmental model by Krajewski (2013) for the

54



Svalbard archipelago. Stable isotope values 3"°C SAT of -29.83%o and 3"°C ARO of — 29.66%o, and
47% of C,y sterane correspond closer to values that characterize family A (Permian/Triassic) in this
study then the remaining samples of oil family | (He et al., 2012).

He et al. (2012) concluded, based on biomarker characteristics of oil family I, that a deep marine shale
facies is the main oil generator for Triassic derived oils in the eastern Barents Sea (Russia) and on
Svalbard. The only possible candidate for the Triassic sourced samples on Svalbard is the Lower
Triassic Botneheia Formation that developed in an open shelf environment characterized as an
embayment bordered by deltaic settings and characterized by fluctuating redox conditions due to
restricted water circulation (Mark et al., 1982; Mark et al., 1989; Mgrk et al., 1993). Based on these
facts, it does not seem likely that the Triassic sample 526a has been generated from the same source
rock as the other samples from oil family | (He et al., 2012). However, biomarker signatures and the
good correlations to findings by Abay et al. (2016) make it seem likely that this sample has been
sourced from the Botneheia Formation. Based on the higher ETR values of sample 526a (He et al.,
2012) and the migrated oil stains (Abay et al., 2016) it also seems likely that the Svalbard samples
represent a more marine influenced facies, deposited under upwelling conditions, while Family A
samples represent the complex and complicated signatures of source rocks deposited under transitional

conditions with varying organic matter input.

Concluding, it could be demonstrated that the suggested Triassic sourced oil families I and 1V (He et
al., 2012) show similarities, but also variations among the geochemical compounds. Even though
organic rich intervals have been deposited throughout the Arctic, i.e. North Alaska and the Canadian
Sverdrup Basin and Russia (He et al., 2012; Leith et al., 1993), the author suggests that a direct
correlation of oils from the different areas may not be successful as the paleo-environmental and
paleo-depositional conditions among the different basins were quite variable. Thus, an oil-oil
correlation among samples from the eastern part (Russian Barents Sea, Timan Pechora Basin) and
samples from the study area may not be successful. Furthermore, the complex and varying biomarker
signatures, in combination with possible mixing, do not allow defining a “Triassic fingerprint” for the

samples analyzed.

Oil families V and VI of He et al. (2012) have been defined as being generated from Upper Jurassic
and Lower-Middle Jurassic source rocks, respectively. Family V oils show high Pr/Ph values, §°C
SAT values between -27.67%o to -29.3%0 and 8"°C ARO values from -26.13%o to -28.27%o. Family V
is characterized by higher C,y sterane abundances that indicates more terrigenous input and is in
accordance with a dysoxic/oxic depositional environment based on higher Pr/Ph values. ETR values
<2 indicate a Jurassic origin as well. Family VI samples show Pr/Ph values >3 indicative of oxic
conditions during conditions. Stable isotope values for the SAT fraction range between -28.8%o and -
30.7%o and for the ARO fraction from -26.79%o to -29.14%o.. Elevated %C,g Steranes and high tricyclic
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terpane ratios suggest a paralic deltaic shale (He et al., 2012). However, oils classified as Family C in

Lerch et al. (2016c) show distinct geochemical signatures.

Sample 561 (He et al., 2012) is derived from Spitsbergen Island and classified as being generated from
Lower-Middle Jurassic source rocks. To the knowledge of the author, there are no reports on Lower to
Middle Jurassic source rocks on Svalbard. A possible source rock candidate for sample 561 (He et al.,
2012) thus might be the Upper Jurassic Agardhfjellet Formation, which corresponds to the Upper
Jurassic Hekkingen Formation offshore in the Barents Sea. He et al. (2012) mentioned a higher
terrestrial input for Family VI that has also been observed for some samples of Family C (Lerch et al.,
2016c¢). It has been suggested that the terrestrial signature represent a more near shore deposited part
of the Upper Jurassic Hekkingen Formation. Hence, the terrestrial signature of sample 561 (He et al.,
2012) might reflect charging from a more proximal deposited part of the Upper Jurassic Agardhfjellet
Formation that also shows abundant Type Il kerogen and variations in stable carbon isotope values
that indicate terrigenous origin (Abay et al., 2016; Koevoets et al., 2016). However, the Lower
Jurassic Nordmela Formation is potential source rock in the western part of the Barents Sea. These
source rock intervals are characterized by mixed terrestrial and marine organic matter input, with
coaly intervals that increases the capability to generate more waxy oil (Ohm et al., 2008; Stewart et al.,
1995). Overall, oil family VI (He et al., 2012) seems to be generated from a source rock deposited
under more oxic conditions than the samples from Family C (Lerch et al., 2016c). Based on these
observations it seems likely that the Russian samples have been charged from a different Jurassic

source rock interval than the samples from the Norwegian part of the Barents Sea.

In general, it is to mention that correlation between the oil families of He et al. (2012) and the oil
families of Lerch et al. (2016¢) can be complicated, as only two samples derive from Norwegian
waters. Furthermore, the depositional settings in the Russian part and the Timan Pechora Basin were
quite different compared to the Norwegian Barents Sea and for now also the tectonostratigraphic
models that link the western and the eastern part of Barents Sea are poorly understood (Smelror et al.,
2009).

A more recent study on oils and condensates from the Hammerfest Basin has been tailored by Murillo
et al. (2016). PCA and HCA have been applied as well and their results support the findings contained
in this study. Family I and Il of Murillo et al. (2016) correspond to Family D in Lerch et al. (2016c¢),
while Family Il of Murillo et al. (2016) is in agreement with sub family C-Il of Family C. Murillo et
al. (2016) regarded their Family IV to the deeper Goliat oils, which have been characterized as part of
Family A in Lerch et al. (2016c). These observations are in agreement with results obtained by Lerch
et al. (20164, b, c) that petroleums in the Hammerfest Basin have been generated from Type 1l to Type

I11 kerogen source rocks with varying thermal maturities.
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Fig. 16: Cross-plot of Bp/(Bp+ac) and 20S/(20S+20R) C,g steranes. The black circles indicate samples taken
from He et al. (2012). See text for discussion.

It has been shown in Paper 2 (Lerch et al., 2016b) that the isomerisation values for the Bp/(pp+aa) and
the 20S/(20S+20R) Cy steranes plot with lower than equilibrium values. In order to understand if the
distribution of our samples, in terms of isomerisation, might represent a regional trend, samples from
this study were compared with data published by He et al. (2012) (Fig. 16, black open circles).
Surprisingly, most of the samples analysed by He et al. (2012) plot well beyond the isomerisation
equilibrium threshold, leading to a clear separation between the samples from the western part
(Norway, study area of Lerch et al. 2016a, b, ¢) and the eastern part of the Barents Sea (Russia),
including the Timan Pechora offshore/onshore region.

Maturity assessment by He et al. (2012) inferred petroleum generation from the early part to the late
part of the oil window, which is comparable to the maturity interval found in this study (Lerch et al.,
2016b). One may only speculate about this mismatch, but it is suggested here that the “higher than
equilibrium” isomerisation values of He et al. (2012) might reflect that the majority of their Barents
Sea offshore oils could represent long distance migrated oil from the deeper part of the eastern Barents
basin, which migrated up-dip from the “foreland basin” west of Novaya Zemlya. Van Koeverden et al.
(2010) presented geochemical data of migrated bitumens from onshore Novaya Zemlya, which
showed 20S/(20S + 20R) and BR/(BB + aa) values of 0.43 to 0.57 and 0.42 to 0.59, respectively,
correlating closer to our values, and it was speculated if the associated generation event could have
involved Cretaceous or Tertiary source rocks, as the main basin to the west is buried ca. 14km depth.
These evidence imply that the deep foreland basin west of Novaya Zemlya has been, and is in fact

today expelling petroleum towards the west and onto e.g. the Fedinsky High and towards the former
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“Grey Zone”. Thus, the deep buried source rocks are not only resulting in gas/condensates in e.g. the

Shtokman Field and associated structures.

4.2 Suggestions for Future Work

The results obtained in this study open the possibility for further geochemical research in the Barents

Sea. The author would like to address the following suggestions for future research:
Gas analysis

In order to complete the fingerprints of the samples used in this study, additional data on gases would
be of great interest. Geochemical analysis of gases is able to differentiate between biogenic gas,
produced by bacteria under anaerobic conditions, and thermogenic gas that is formed under high
temperatures. Thermogenic gas can either be produced by the source rock itself, the so called primary
thermogenic gas, or by thermal cracking of oil, the so called secondary thermogenic gas. Isotope
analysis and composition of thermogenic generated gas can be used to reveal the source rock maturity
and mixing of petroleum phases as applied for the Hammerfest Basin in Rodrigues Duran et al.,
(2013). Furthermore it is possible to differentiate between oil-associated gas and dry, post-mature
thermogenic gas. This additional information would increase the accuracy for mixing when comparing
the maturation data with available maturation indices for source rocks e.g. on the Loppa High and the

eastern part of the study area.
Paleo-migration Events

The presence of multiple source rocks suggests several generation and migration pulses from the
organic rich strata. However, despite having potential Paleozoic source rocks, only a few petroleums
have been suggested being derived from Carboniferous or Permian sources. To deepen the
understanding of paleo-migration events, analyses of so-called dry wells and application of fluid
inclusion studies is valuable. Fluid inclusions are small petroleum accumulations that are enclosed in
minerals and have been successfully employed for reservoir charge histories (Karlsen et al., 1993).
The migration and reservoir charge history of the Permian carbonate play on the Loppa High is of
personal interest to the author. Analysis of fluid inclusions from wells adjacent to and on the Loppa
High could be used for thermal maturation studies during charging, to identify possible displaced
petroleums due to uplift, tilting and leakage and to realize migration avenues. The research question
that should be addressed here is: Are the hydrocarbons on the Loppa High autochthonous, or have they
migrated or example from the adjacent Bjgrngya Basin? Therefore, correlation with source rocks is

inevitable (see next point).
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Paleozoic Petroleums and Source Rocks

Due to the lack of age-specific biomarkers it was quite challenging to classify the samples regarding
their geologic age. Supporting data could be gathered if available Paleozoic source rock samples
would be analyzed. Due to the deep burial depths of Paleozoic strata in the western part of the study
area, correlation with postmature source rocks is not considered likely due to the absence of
biomarkers. However, it is suggested that Paleozoic petroleum systems play an important role on the
Finnmark Platform and the Nordkapp Basin, where Jurassic and Triassic source rocks have partly been
affected by uplift and erosion. Thus, more detailed oil-source rock correlation studies in the eastern
part of the study area, with possible correlation to Russian oils and source rocks may enhance the
understanding about the Paleozoic petroleum systems. Yet, if the discoveries on the Loppa High have
been charged from local sources, characterization of Permian and Triassic source rocks from the

Loppa High would enhance the correlation potential.

Cretaceous Source Rocks

Even though the application of NDR and NCR parameters did not find evidence of a Cretaceous
source rock contribution to the Cys. hydrocarbon fractions in the current database, there may be the
possibility of Cretaceous expelled petroleum especially in the western part of the study area, west of
the Loppa High and towards the North in the area of the Fingerdjupet Sub Basin. It is possible, as
mentioned earlier, that the database may be biased based on the well locations. However, investigation
of Cretaceous source rocks may help to better understand their generation potential and detecting
possible geochemical markers that are characteristic for the Cretaceous may help to decipher a

Cretaceous contribution.

Recent Oil Samples

Several new wells have been drilled since initiation of this study in spring 2013. Analysis of new
petroleum samples would enhance the significance of the present database. Of special interest are
samples from the Loppa High (Gotha, Alta) that would improve the understanding of the
Paleozoic/Triassic petroleum systems. Furthermore, petroleums from the Hoop Area, northeast from
the Loppa High, could be used for correlation. Here, the Wisting and Hanssen discoveries could shed

new light on petroleum systems in areas that are located further north.
Shallow Cores

Intensive shallow core sampling (IKU, Sintef) at Dora in 2013 resulted in significant amounts of
source rock samples and sandstone samples with oil or bitumen stains. The shallow cores have mainly
been drilled in the eastern part of the study area in the Nordkapp Basin and on the Finnmark Platform.
Analysis of these samples would allow source rock characterization and/or information on migrated

hydrocarbons, and thus about the petroleum systems in the area. However, since the maturity of most
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of the shallow cores is too low, correlation with expelled and generated hydrocarbons might be

challenging or impossible.
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Introduction

Cenozoic uplift and erosion are thought to have essential influence on the redistribution, composi-
tion and alteration of generated hydrocarbons in the Barents Sea. As the Barents Sea represents an
overfilled multiple source rock basin (Ohm et al., 2008), geochemical investigation of oil and gas/con-
densate samples will improve our understanding of the petroleum systems.

This study focusses on the light hydrocarbon (LHC) fraction as these compounds make up significant
volumes of oils/condensates, are the most mobile and recently migrated, but also the easiest lost
compounds of petroleum. LHC thus provide a recent and dynamic insight into migration and altera-
tion processes.

Compared to commonly applied biomarkers from the nC, .+ range, LHC still hold valuable information
of alteration even in high mature samples. Post emplacement alteration such as evaporitic fractiona-
tion, biodegradation and water-washing/long-distance migration were found to occur in the LHC of
the samples.

Besides geochemical practice, fundamental geological aspects as proposed by Gussow (1954) and Sil-
verman (1965) were adapted to explain the distribution and composition of the samples. Whereas
brittle/thin/silty cap-rocks hold back oil and leak gasoline range compounds, tight cap-rocks hold
back both phases (Sales, 1997; Karlsen and Skeie, 2006).
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Methods

Fourty-six oil and condensate samples from the Loppa High, the Hammerfest Basin, the Masay/Nys-
leppen Fault Complex, the Bjarmeland Platform, the Finnmark Platform and the Nordkapp Basin were
geochemically investigated. LHC parameters as recommended by Thompson (1987) and Halpern
(1995) (Fig.2) were calculated based on measured peak heights derived from gas chromatography -
flame ionization detection (GC-FID).

woe Figure 2:

< displaying the applied LHC in red.

Halpern (1995]
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Figure 3: modified after Halpern, (1995)
oil ion Star Diagrams g different alteration mechanisms in the LHC fraction. Low Tr1 values characterize water-

washing and/or long-distance migration of the LHC due to the loss of the water soluble compound toluene, whereas high Tr1 values
illustrate locally arrived LHC. Decreasing values for the Tr2-Tr5 and Tr7-Tr8 parameters indicate biodegradation. The Tromso Basin sample
is the most unaltered sample in the database (note the different Tr1 scale). Locally derived and long-distance migrated HC are found in
the Hammerfest Basin. All other samples represent migrated LHC fractions based on their reduced toluene content. The very low Tr1
values for the Finnmark Platform might be a source rock effect. High Tr2-Tr8 values for one Loppa High sample indicate a fresh
gas-charge.
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Hammerfest Basin as fractionated. High aromaticity values for con-
densates reveal several gas-stripping events. Fractionated oils

were found under gas-caps inidicating the traps were able to hold
back both phases and that it is big enough not to spill all oil. Sam-
ples indicating biodegradation correlate well with Fig. 3 and Fig. 4.

the samples. Two samples from the Hammerfest Basin (Goliat) are
biodegraded. Lowest maturity is found in the samples from the
Loppa High. Samples from the Finnmark Platform, the Nordkapp
Basin, the Bjarmeland Platform and the Tromso Basin show
highest maturity.

Results & Discussiorn - I
08 TS S Tew B
2 i & Mmoo Basin
[ o S [yl
][ Nysieppenassoy Fau complex B Finnmark Platform
[ e 4 |k Nysoppaniasey Faut compex ®
[ & TR sain
Conseasie ‘ s s ind Platform
L 0s|A2 B =B y—
% [ N
g ¥
g | L >
< p=
E} =
2 N
& s
02 &
7
o
]
® Al B ]
@
o T T T o T
2,4-DMP/2,3-DMP 2,4-DMP/2,3-DMP
Figure 6:

Two crossplots (A) and (B) modified after Chung et al., (2004) illustrating different maturities in the study area. The Loppa High samples
show the lowest maturity. Samples from the Hammerfest Basin and the Masay/Nysleppen Fault Complex plot with medium maturities,
whereas samples from the Nordkapp Basin, the Bjarmeland Platform, the Finnmark Platform and the Tromso Basin are characterized by
highest maturities. These results correlate very well with obeservations made in Fig. 4.
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Results & Discussion

eroded cap-rock
allows leaking of HC

holds back oil

Figure 7:
Two models illustrating the difference between a tight and a brittle cap-rock. A) Tight cap-rock model - 1: Gas expansion due to uplift.
The oil remigrates updip into the 2nd trap. 2: The oil separates into a gaseous and liquid phase whereas the gas expands again and
pushes the oil upward into the 3rd trap. The cap-rock has the ability to hold back both oil and gas. B) Brittle cap-rock model - 1: Gas ex-
pansion due to uplift and the oil phase migrates updip into the 2nd trap. 2: Uplift induced brittle cap-rock leaks gas but holds back oil. 3:
Syn-uplift remigrated oil leaks out of the trap due to uplift induced erosion of the cap-rock.

Conclusions
1) High toluene and benzene contents reveal oil and condensate samples from the Tromsg Basin and
Hammerfest Basin as locally derived, whereas long-distance migration has affected the LHC in most
other oil samples. Low toluene and benzene content in the biodegraded samples might be a result of
combination of water-washing and long-distance migration.

2) Evaporative fractionation occurs only in the Hammerfest Basin. Most of the fractionated samples
are condensates with high aromaticity values which points towards repeated gas-stripping episodes.
Fractionated oil samples lie under gas-caps with tight cap-rocks. Some oils show a waxy n-alkane sig-
nature that points towards palaeo oil generation. Traps that are not filled to spill-point might explain
the occurence of these waxy oils beneath the condensates.

3) LHC biodegradation is limited to oils on the proximal basin margins in the Hammerfest Basin
which might be related to the occurrence of fragile cap-rocks and traps allowing water to intrude

4) Highest maturity is recorded for oil samples on the Finnmark Platform, the Bjarmeland Platform
and the Tromse Basin condensate while oils from the Loppa High show low maturities.
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Objective

Possible generation from numerous source rocks and repeated uplift and burial events (Ohm et al., 2008)
may have resulted in mixing and remigration of petroleums in the SW-Barents Sea (Lerch et al., 2015,
2016). To reveal geochemical variations in oils from the Loppa High, a systematic oil-oil correlation using
three petroleum compound classes was used to investigate molecular evidence for the presence of mixed
and altered oils. Beyond this, the ages of the inferred source rocks of the oils are of greatest interest. Sam-
ples in this study were taken from a greater dataset that include stable carbon isotopes and age specific
biomarkers. However, some of the oils in the study are lacking these data. In order to overcome this cir-
cumstance, we tried to find additional characteristics that could be used as unconventional age indicators.
Finally, we tried to draw inference about petroleum distributions based on the observed results.

Study area & samples

we e . A
Finnmark Loppa
Platform Hammerfest Basin High
o
Loppa\High
72200 R —
an Qastterg Fig. 2: Cross-section from the Finnmark Platform towards the Loppa High (modified
ey Bjarmelan after Gabrielsen et al., 1990). TFFC= Troms-Finnmark Fault Complex, AFC=Asterias
latform Fault Complex.
(]
B ,m_‘,;;s“ S 72w Table 1: Sample description
Harnmerfest Sample  Well Test Fm. Reservoir Age Area
Lt sin B 7120/1-2 DST-BA  Knurr Early Cretac. LH
" Gothe\ @ zazd~ B1 7120/1-2 DST-38  Knurr Early Cretac. LH
- L 82 7120/1-2 RFT  Hekkingen Late Jurassic LH
i ohuit \  Tomerosy
< C 7120/2-1 DST-4 9n Late Carb. - Early Perm. LH
4 Gatross D 7120/2-2 RET  Knurr Early Cretac. LH
s
] t B s 7222/11-1 72 Kobbe Middle Triassic BP
2 ) *@‘ E1 7222/11-1 T2 Kobbe Middle Triassic BP
e/add . Finnmark N .

Pla 4 E2 7202/11-1 T2 Kobbe ~ Middle Triassic BP
e e == = o 7222/6-1S  MDT  Snadd  Middle Triassic B8P
Fig. 1: Study area. Well locations are indicated by A 7200/6-1 MDT  Om Late Garb. - Early Perm. LH

black dots and well names. Cross-section A-A' is
shown in Fig. 2. TFFC=Troms-Finnmark Fault
Complex

[H= Loppa High; BP= Barmeland Platform

Conclusions
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» Variations in thermal maturity parameters and various biodegradation signatures among the three hy-
drocarbon compound classes (LHC, Fig. 3, medium range, Fig. 4, and biomarker range, Figs. 5, 6) re-
vealed mixing in some samples. It is suggested that the C20+ fraction represents a possible black-oil-re-
lated signature, while the C2o- fraction indicates a later charge. The unaltered, early mature light hydro-
carbon signature in sample B2 (Figs. 8 and 9) suggests recent migration, and thus a live petroleum

sytem in the area.

» A characteristic “triplet-terpane-pattern” can be used for differentiation between inferred Permian/Trias-
sic and Jurassic sourced oils in case stable isotope data and age specific parameters are lacking.

» Qils on the southern rim of the Loppa High show a strong Jurassic signature, while oils on the Loppa
High and the Bjarmeland Platform show inferred Permian/Triassic signatures (Fig. 12). Long-distance
migration from the Hammerfest Basin is suggested for the oils on the southern rim of the Loppa High

(Figs. 12, 13).

» Distribution of oils in the region suggests more Permian/Triassic petroleums to be found on the Loppa
High. It is proposed that reservoirs on the Loppa High and the Bjarmeland Platform hosting inferred
Permian/Triassic oils were “shielded” from Jurassic charges. The distance from the main pod of Jurassic
source rocks could have enhanced the possibilty for preservation of inferred Permian/Triassic signatures.
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Fig. 12: Map showing the distribution of inferred Permian/Triassic
and Jurassic sourced oils. The cake diagrams represent the ma-
turity signatures related to the three investigated compound
classes. The dashed overlay indicates biodegradation in the re-
spective hydrocarbon fraction.

Hammerfest Basin

Loppa High

Toward vermigral
Fig. 13: Fill-spill type model showing migration from the Hammerfest
Basin towards the Loppa High (cf. Fig. 2). Uplift-induced gas expan-
sion in the Hammerfest Basin pushed the oil below spill point and
initiated an upward remigration leading to petroleum mixtures on the
southern rim of the Loppa High. This model is based on the oc-
curence of residual oil columns and condensates in the SW Ham-
merfest Basin (Fig. 1), and reduced toluene concentrations as indi-
cated by the diminished Tr1 ratios in Fig. 9.
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Thermal maturity parameters

s T
o i
CY—— | CYSe——
7 Early to peak oil mature in
A 7 LHC fraction
b '
g - @
= 4d it
o @ 9
3 ] +
g . ° oo
@ ] a
S - Supermature [} s |
e =}
g Sos ©
2 | Mature I3
] 1@ ®
£
1 — Normal 07—
] 1
-| Biodegraded Early Ol | Peak Oil Late Oil
L o S L e e o e 08 T = T B
13 10 2 2 0s 14

08 i 2
Heptane Value (H) %Rc=0.073"MDR + 0.51
Fig. 3: Light hydrocarbon (LHC) maturity parameters differentiating
samples from the Loppa High and the Bjarmeland Platform. Sam-
ples A&-/A2 from the Bjarmeland Platform indicate much higher
generation temperatures than samples from the Loppa High. Sam-
ples C and D indicate lower generation temperatures than in the
medium and biomarker range fractions (Figs. 4, 5 and 6)

Fig. 4: Cross-plot of calculated vitrinite reflectivities indicating
thermal maturity. Sample C shows a higher maturity compared
to the LHC compound fraction (Fig. 3) that indicates mixing.
Samples /£-/E2 show the same maturity trend as for the light
hydrocarbons (Fig. 3) suggesting generation from a single
source rock.
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Fig. 5: Cross-plot indicating thermal maturity based on saturated
compounds. Sample C indicates peak to late oil window genera-
tion. Sample D shows higher generation temperatures for the bio-
marker range than for the LHC and medium range fractions (Figs.
3 and 4), indicating mixing, while sample B2 plots as early mature
as shown in Figs. 3 and 4.

Fig. 6: Cross-plot of saturated vs. triaromatic compounds. Peak
oil maturity is indicated for sample D that showed lower matur-
ities in Figs. 3 and 4. The overall high maturities for samples
/E-/E2 indicate generation from a single source rock as shown
inFigs. 3, 4 and 5.
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Alteration and mixing signatures
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Fig. 7: Representative GC-MS mass chromatogram (m/z =191) of
an inferred Jurassic oil showing a severe biodegraded paleo-oil
(high 25n0r30aB peak) that was overprinted by a later influx of a
non-altered, early mature charge, hence indicating a petroleum
mixture. The same pattern was also observed for sample B

T
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Fig. 8: Whole-oil GC-FID chromatogram of sample B2 (outer
blue line in Fig. 9) characterized by elevated Pr/n-Ci7 values sug-
gesting incipient biodegradation. Greater concentrations of light
hydrocarbon compounds C:-Cs compared to Cio-Crs represent a
more recent, unaltered LHC charge, thus indicating mixing of
two petroleum charges.

Fig. 9: C7-oil transformation star diagram (Halpern, 1995) distinguishing the
oils in respect of alteration signatures. Low Tr1 values (toluene/1,1DMCyCs)
indicate water-washing / long distance migration. It is thought that water
soluble aromatic compounds get “stripped off” during migration (cf. Karlsen
and Skeie, 20086; Lerch et al., 2016). The pattern for sample B2 indicates a

1 T3 recent, unaltered LHC charge (see Fig. 8). Slight biodegradation based on

10 lower Tr2-Tr8 ratios however is indicated for sample D, which is in accor-
dance with Fig. 3. Based on C7-oil correlation star diagrams, it was found
that the LHC for samples B2 and D have been generated from a genetically
linked source rock. Thus, it can be suggested that the LHC in sample D ex-
perienced post-emplacement alteration.
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Fig. 10: Representative GC-MS mass chromatogram (m/z =191)
showing a characteristic “triplet-terpane pattern” with elevated
CasTT over CoaTET. This pattern was observed in a greater data-
set that suggests Permian/Triassic origin (based on 6"°C values,
ETR ratios and Cze/Czs steranes). Jurassic derived samples show
elevated Ca(TET over CusTT (cf. Fig. 7).
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Fig. 11: Cross-plot of terpane compounds differentiating pe-

troleums sourced from inferred Permian/Triassic and Jurassic

sources. Samples from the same dataset (grey dots) are

shown in addition to support the use of these compounds in

the present study.
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Objective

The Norwegian Barents Sea comprises a multiple source rock basin that has been affected by several uplift related,
erosional and glacial processes that influenced the petroleum systems (Ohm et al., 2008). Previous studies on Bar-
ents Sea petroleums showed that many petroleums in the present database are characterized as “petroleum
blends” (Lerch et al., 2016a, b). Based on thermal maturity variations among the different hydrocarbon compound
classes and manifold alteration signatures, it has been found that two characteristic petroleum signatures exist: 1) a
Co0+ “paleo-oil” signature, and 2) a C2o- fraction that is considered to represent a more recent charge. The objec-
tive of this study is to delineate the inferred source rocks in terms of age, depositional environment and organic

matter input of the C2o+ “paleo-oil” fraction.

Study area

Fig. 1: Map of the study area. Samples have been collected from the indicated wells and
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Fig. 3: Paleo-geographical maps showing the different depositional settings in the study area beteen 70° and 74°N and 20° and 30°E (modified after

Smelror et al., 2009).
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» Four petroleum families have been identified based on biomarker characteristics and multivariate statistical anal-
ysis. The classification has been established on C20+ compounds and thus does not reveal the origin of the
C20- contribution. The petroleum families are: Family A: petroleums generated from inferred Carboniferous
source rocks; Family B: petroleums generated from inferred Permian/Triassic source rocks; Family C: petro-
leums generated from inferred Jurassic source rocks; and Family D: condensates from inferred Triassic/Jurassic

source rocks.

» Biomarker analyses revealed a transitional depositional environment for the majority of the samples. The redox
conditions varied from slightly anoxic to dysoxic-oxic and suggest input of marine to terrestrial derived organic
matter, with kerogen ranging from possible Type |, to mainly Type Il to Type II/Ill to llI/Il.

» The results indicate that most petroleum families and affinities to source rocks are largely predictable from basin

position and type (Fig. 14).

» Carboniferous petroleums seem to represent an important contribution in the graben systems of the Finnmark
Platform. It is suggested that Permian/Triassic petroleums are found on platform highs and structurally more
complex regions that are located far away from Jurassic hydrocarbon migration paths, as well as in the eastern
part of the study area. Pre-Jurassic signatures in the Hammerfest Basin may have been diluted by later arrived
Jurassic charges, and may illustrate the different facies signatures for the Jurassic oils. It has been found that, in

general, the majority of the samples seem to be a “blend”.
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Fig. 14: Map of the study area showing the distribution of petroleums related to their ages. The wells are
colored in the respective color of the age of the petroleums, whie the dashed lines represent an interpolation

of the dominant petroleum age.
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Fig. 4: Cross-plot of &13C Sat versus 613C Aro indicating the
inferred ages of the petroleums. The age classification was
done according to Ohm et al. (2008). Note that the conden-
sates demonstrate a more terrigenous origin compared to the
ois.
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Fig. 5: The inferred ages of the petroleums are shown based
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terpane ratio (ETR). The elevated Gpg/Cpg B8 sterane ratio for
the condensates is related to fractionation processes.
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Fig. 6: The ratios applied are sed to discriminate between Ju-
rassic and Permian/Triassic sourced petroleums. The inferred
Permian/Triassic sourced petroleums are characterized by
sparse Cp4TeT and more abundant CogTT.
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Fig. 7: The cross-plot of the norcholestane (NCR) versus the
nordiacholestane (NDR) ratio excludes a contribution of Greta-
ceous generated petroleum. Yet, the elevated ratios of sample
AB probably indicate a migration effect s both Cretaceous and
Jurassic source rocks are immature in the eastern study area,
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Fig. 8: Gross-plot of Phytane/n-C1g versus Pristane/n-Ci7 indi-
cating the depositional environments of the inferred source:
rocks. Note that sample B2 and @ show increased values that
indicate incipient biodegradation. The majority of the samples
implcate deposition under suboxic-dysoxic conditions i transi-
tional environments.
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Fig. 9: Cross-plot of Pr/Ph versus MDBT/MP demonstrating
the depositional environment of the inferred source rocks. Few
samples that are suggested to have been sourced from Juras-
sic source rocks show higher abundances of sulphur containing
‘compounds that might implicate mixing. The Permian/Triassic
sourced samples impiicate similar depositional environments.

o %

PLANKTON
o
& _/

Ja
o0 GPEMARINE &
A

\ TERRESTRIAL
HIGHER

LACUSTRINE

| PLANTS

S
% C29

Fig. 10: Ternary diagram showing the relative percentage distribution
of the P steranes (m/z 218) that indicate the depositional environ-
ments of the inferred source rocks. The majority of the samples sug-
gest generation from source rocks deposited in mixed marine-ter-
restrial environments.
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Fig. 11: Depositional environments indicated by the use of
tricyaiic and tetracyclic terpane compounds. The inferred
Permian/Triassic sourced petroleums indicate deposition
under lacustrine-marine condtions.
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Fig. 12: 3D scatter-plot showing the results of the
principal component analysis (PCA), where the
first three components explain 67.9% of the total
variance. The PCA was conducted for 39 samples
based on 23 biomarker parameters (not all are
shown in the present poster).

It was possible to define four petroleu farmilies
that correlate very well with the results obtained
from the geochemical analysis: Family A: inferred
Carboniferous sourced petroleums; Family B:
inferred Permian/Triassic sourced petroleums;
Family C: inferred Jurassic sourced petroleums;
Family D: inferred Triassic and Jurassic conden-
sates.

Samples that are characterized by low abundances of cer-
tain biomarkers have been exciuded from the PCA to obtain
ameaninglul matrix. Yet, sightly aktered and highly mature
samples have been included as no influence of ateration
signatures has been observed in prior versions of the PCA.

Fig. 13: Dendogram for 39 sam-
ples based on 23 biomarkers. The
dendogram was carried out using
standardized values, average link-
age and Euclidean distance using
the Minitab17 software.
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Based on geochemical parameters,
which helped to differentiate the
samples in respect of organic
matter input and depositional envi- =
ronments, it was possible to define ¢
several sub-families within the re-
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